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ABSTRACT. 
Two dimensional (2D) electrophoresis 	separates 
proteins by charge and by relative 	mobility. 	The 
technique has been applied to study protein variation in 
different isolates of Plasnodiun falcipartirn. 
15 proteins were found which varied in a strain 
specific manner. These marker proteins were used to 
identify each isolate. Some isolates contained more than 
one representative of each protein. Genetically pure 
lines (clones) contained only single forms of each marker 
protein. Evidence of geographical variation in the 
distribution of variant forms of some proteins was found 
among African, South American and South-East Asian 
isolates. 
The 2D marker proteins were used to analyse 
parasites taken from a patient showing recrudescence 
after me-f loquine treatment. The results suggested that 
the genes responsible for mefloquine resistance may exist 
in the parasite population before any use of the drug.. 
Petide digest studies on 2D proteins, and an 
examination of their inheritance in a P..falciparum 
cross showed that the protein variation was due to 
multiple alleles of genes at different loci. 
Three of the 2D proteins were identified, two as 
blood form antigens and one as the enzyme Adenosine 
deaminase (ADA) - Other antigens recognised by monoclonal 
antibodies were also identified. 
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1 INTRODUCTION 
1.1 MALARIA RESEARCH 
Most research on malaria is directed towards 
control or eradication of the parasites or their vectors. 
Research in chemotherapy has led to the development of 
some new compounds, but the list of effective drugs is 
still rather small. An additional problem is that 
reistance to most antimalarial drugs has emerged. 
Resistance of the most pathogenic malaria parasite of 
man, Plasiodiuia falciparus to pyrimethamine and 
chloroquine is especially common, and forms resistant 
even to new drugs such as mefloquine have been reported 
(Boudreau et al, 1982, Bygbierg et al, 1983, Hoffman 
et al, 1985, Webster et al, 1985, World Health 
Organisation, 1986). 
With regard to control of the vectors of malaria, 
insecticides against Anopheline mosquitos are widely 
used. However chemicals (e.g. 	DDT, 	dieldrin) 	are 
expensive and require constant use to keep mosquitoes 
from recolonising an area from which they have been 
eradicated. Disruption to aid programmes through lack of 
finance may result in the control programme being 
stopped, 	thus allowing 	the vectors to 	become 
re-established. An additional problem has been that 
mosquitoes can become resistant to insecticides. 
Genetic traits affecting erythrocytes such as 
sickle haemaglobin and glucose- 6-phosphate dehydrogenase 
deficiency can confer a natural resistance of the host to 
malaria.. These genes are found at higher frequencies in 
human populations in malarious areas than in non 
malarious areas (Allison, 1961, Luzzato, 1979). 
In recent years, considerable efforts have been put 
into the development of a malaria vaccine. In endemic 
areas individuals in the population can show clinical 
immunity to 	reinfection. 	(Boyd 	et 	al, 	1936). 
Experiments have shown that immunity to P..falciparum 
and P. vivax in man can 	be 	achieved 	if 	prior 
immunisation with attenuated sporozoites is carried out 
(Clyde et al, 1975, Rieckman et al, 1979). Malaria 
research workers have been attempting to characterise 
parasite antigens which stimulate protective immunity. 
Prospective protective antigen genes have been cloned, 
and their 	products 	expressed 	in 	bacteria. 	Some 
preliminary vaccine trials in Aotus monkeys have been 
undertaken with antigens synthesised chemically, or by 
recombinant DNA technology, although so far results have 
shown limited success (Hall et al, 1984a, Collins, et 
al, 1986, Patarroyo et al, 1987, 	Saddiqui 	et 
al,1987). Two trials with part of the circumsporozoite 
protein were carried out in human volunteers with similar 
results, partial protection of one individual to a 
subsequent challenge was obtained (Ballou et al, 1987, 
Herrington et al, 1987). 
One of the major obstacles to eradicating P. 
falciparua by chemotherapy has been the development of 
drug resistant mutants (as discussed above). It is likely 
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The life cycle of Plasmodium falciarum. 
when vaccines based on specific antigens are used. The 
extent of genetic diversity of characters such as 
antigens and other proteins in 	malaria has been 
relatively little studied, yet the subject is of obvious 
importance if we are to predict the outcome of eventual 
control measures based on chemotherapy or vaccination. 
The principle purpose of the present study has been to 
examine the natural protein variation which exists in 
populations of Pfa1ciparu, and to investigate the 
genetic basis. The principle technique chosen for the 
work is two dimensional polyacrylamide gel electra-
phoresises (2D PAGE). 
1.2 PARASITE LIFE CYCLE. 
The details of the life cycle of P1asodiwn 
falciparus are given in Figure 1.1. 
The cycle can be considered to start when the 
parasite is injected as a sporozoite from the mosquito 
into the blood stream of the human host. The 
sporozoite enters the liver and invades a parenchymal 
cell. Within this cell the parasite develops as an 
exoerythrocytic (EE) form, in which nuclear division 
occurs to produce a schizont containing an estimated 
30,000 rnerozoites. The process takes approximately seven 
days, from invasion by the sporozoite to maturation of 
the schizont. 
Merozoites released from 	liver 	cells invade 
erythrocytes. Rhoptry organelles at the apex of the 
merozoite are thought to release compounds which 
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facilitate the entry of the merozoite into the red cell 
(Bannister, 1977). The first stage of development is the 
ring form. Parasite growth gives rise to the trophozoite 
stage after about 21 hours. Nuclear division results in 
the formation of a schizont, which becomes mature 48 
hours after invasion of the host cell by the merozoite.. 
Schizonts of P.falciparuw may contain up 	to 	24 
merozoi tes.. 
The erythrocyte membrane of some parasitised red 
cells is characterised by structures known as knobs, 
which are associated with a protein rich 	in 	the 
amino-acid histidine (Leech et al, 1984). Knobs have 
been 	implicated 	in 	parasite 	sequestration, 	the 
accumulation of schizont stages within the narrow 
capillaries of the brain. The knobs are thought to be 
involved in the attachment of schizont-infected cells to 
the capillary wall. This is thought to allow the schizont 
to avoid areas where the immune response may be much 
stronger (Trager,1966, Luse, 1971, Schmidt, 1982).. 
Parasite sequestration causes the severe symptoms 
associated with cerebral malaria, a condition which is 
commonly fatal. 
Once mature, schizonts rupture releasing mero-
zoites. The merozoites seek out and invade new 
erythrocytes- During the rupturing process proteins are 
released into the blood stream of the host eg. "S" 
antigens (Wilson, 1969).. 
Asexual blood forms are not infective to the 
mosquito.. This phase of the cycle requires gametocytes. 
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In P.falciparun gametocytes develop at a later stage in 
the infection than 	asexual 	forms. 	Maturation 	of 
gametocytes takes up to 14 days, and they remain in the 
blood stream for long periods, maximising the chances of 
mosquito feed and transmission. Two types of gametocyte, 
micro- (male) or macro- (female) gametocytes, are formed. 
Both types of gametocyte can originate from a single 
haploid 	parasite 	clone, 	suggesting 	that 	the 
differentiat.on of gametes is unlikely to depend upon 
chromosomal segregation, as in higher eukaryotes. 
When a mosquito bites an infected host, 
gametocytes are taken up with the blood. In the mosquito 
midgut gametocytes form gametes. The microgametocyte 
undergoes exflagellation and forms eight motile 
microgametes. The macrogametocyte forms a single 
macrogamete. Fertilisation takes place between a 
microgamete and a macrogamete, resulting in the formation 
of the zygote, also known as the ookinete 
The ookinete penetrates the midgut wall and forms 
an oocyst on the haemocoel side of the wall. Oocyst 
development takes approximately ten days, each finally 
producing several thousand sporozoites.. Sporozoites are 
released when the oocyst ruptures. They move towards and 
penetrate the salivary glands, ready for injection into 
the mosquitos next host. 
With regard to genetic events in the life-cycle, 
the blood forms are haploid (Walliker, 1983a). Meiosis is 
known to occur shortly after zygote formation in the 
mosquito (Sinden and Hartley, 1985); the cycle therefore, 
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is almost entirely a haploid one (see section 1.3.3.). 
P.fa1ciparua can be maintained in the laboratory 
in primates (e.g..Aotus monkeys or chimpanzees) , but in 
view of ethical aspects and costs, these hosts are used 
infrequently. The blood forms can be grown in culture 
using tissue culture medium, human blood and serum. The 
technique was first described by Trager and Jensen 
(1976), using either a continuous flow system in a flask, 
or petri dishes in candle jars to provide the optimum 
conditions for parasite development.. At the same time 
Haynes et al, (1976) developed a method of culturing 
P.falciparw* in sealed flasks, using an appropriate gas 
mixture. Gametocyte stages can also be produced in flasks 
using slightly 	different 	conditions 	(If ediba 	and 
Vanderberg, 1981). Exo-erythrocytic forms of the parasite 
have proved difficult to culture, although some success 
with parasite invasion has been achieved using hepatoma 
or human embryonic lung fibroblast cells (Hollingdale, 
1984). 
Attempts to culture the other three human infective 
malaria species, Pa1ariae. P vivax, and P. ovale 
have met with only limited success so far. 
1.3 GENETIC ANALYSIS AND CYTOLOGICAL STUDIES. 
1.3.1 CYTOLOGICAL STUDIES ON CHROMOSOMES. 
Cytological work on chromosomes, possible with other 
organisms, has been difficult in malaria parasites. 
Condensed chromosomes have never been seen using light 
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microscopy, and so the number of chromosomes for 
Pfa1ciparwa cannot be evaluated by this approach. The 
lack of condensed chromosomes also made it difficult to 
determine at which stage meiosis takes place. 
With the use of electron microscopy, it has been 
possible to 	identify 	structures 	associated 	with 
chromosome multiplication. In serial sections of dividing 
asexual stages, kinetochores have been identified and 
counted. Each 	kinetochore 	is associated 	with 	a 
chromosome, which thus allows a count of chromosomes to 
be made. Sinden (1978) estimated that there were about 14 
chromosomes in P.falciparw*, based on a count of 
kinetochores. Prensier and Slomianny (1986) using a 
similar technique also counted 14 	kinetochores 	in 
P.fa1ciparu; the kinetochores were unusual in having a 
heptalaminate structure. 
Electron microscopy has shown synaptonemal 
complexes, structures associated with chromosome pairing 
at meiosis, in the ookinete in the mosquito (Sinden and 
Hartley, 1985). 
1.3.2 PULSED FIELD GRADIENT GEL ELECTROPHORESIS. 
Analternative method for analysis of asexual 
parasite genome organisation has been the use of pulsed 
field gradient gel electrophoresis (PFG). This technique 
permits large DNA molecules of organisms, thought to be 
chromosomes, to be separated electrophoretically by the 
use of pulsed currents (Schwartz and Cantor 1984). The 
first experiments using this technique on P.falciparua 
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were by Kemp et. al 35), 	Van 	der 	Ploeg 	et 	al 
(1985). 	In recent wo Wellems et al, 	1987a, Kemp 	et 
al, 	1987) 	the chrotnoso,rje number has been shown to be 14, 
in agreement with the :oloqical 	observations 	outlined 
above. 
It has been : 	that 	the 	size 	of 	homologous 
chromosome bands diff between parasite genotypes. This 
has 	been 	found 	in 	.- falciparum 	and 	P.chabaadi 
(Corcoran et al 	1984, -arkey 	et 	al, 	1987). 	The 
technique has also beers used to analyse the behaviour 	of 
chromosomes 	followin4 crossing 	between 	parasites 
differing in the sizes o- 	certain 	chromosomes. 	Work 	by 
Sharkey et al 	(1987) 	ha shown that the rodent 	malaria 
species 	P_chabaudi .ows 	a 	normal 	chromosome 
segregation 	pattern -:er 	meiosis 	In 	P.falciparwi 
however some progeny ies were 	found 	to 	contain 	new 
sized 	chromosomes e1l 	as 	parental 	chromosomes 
(Walliker et al 	1987). 
1.3.3 CROSSING EXPERIMENTS. 
Genetic analysis is necessary to understand the 
nature of the diversity which occurs in characters such 
as 	antigens, 	drug-snsitivity 	etc. 	in 	parasite 
populations. Conventional genetic studies involving the 
mating of two individuis and the analysis of their 
progeny has been carried out using rodent malarias 
(Walliker, 1983a,b), id recently with 	P.falciparum 
(Walliker et al,1987). 






CLONE A 	 CLONE B 
GAMETOCYTE— MIXED GAMETOCYTES —GAMETOCYTE 
MOSQUITOES 	MOSQUITOES 	MOSQUITOES 
MAMMAL 	 MAMMAL 	 MAMMAL 
CONTROL 	PROGENY 	CONTROL 
CLONES 
Method of making a cross between the two parasite clones 
A and B, The blood forms containing gametocytes are mixed 
and mosquitoes are allowed to feed, when sporozoites are 
present in the salivary glands, the mosquitoes are 
allowed to feed on a mammal The resulting asexual 
parasites are cloned, and the progeny analysed. The two 
clones A and B are also allowed to undergo mosquito 
transmission separately, as controls. 
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parasite strains it is necessary to arrange for gametes 
of each strain to undergo cross-fertilisation in 
mosquitoes. Figure 1.2 shows the method used to cross two 
mammalian malaria parasites and to obtain progeny. During 
the crossing procedure, male and female gametes undergo 
self as well as cross fertilisation. Thus, if random 
fertilisations occur, 50% of the progeny zygotes will 
result from cross fertilisation events, and 507 from self 
fertilisations. 
Results of genetic studies carried out mostly with 
rodent species has established that: (a) The malaria 
parasite is haploid in the asexual blood stage. (b) 
genetically determined variable characters such as 
cLtjoenzymes, drug sensitivity and antigens undergo a 
normal Mendelian pattern of inheritance, and (c) 
recombi nati on* between these markers occurs at high 
-Frequencies (Walliker et al., 1973, Walliker, 1983a, 
Walliker et al., 1987) 
One of the principal purposes of genetic studies is 
to identify to what extent variation in a given character 
is due to allelic variation of a gene at a single locus, 
or to variation between genes at different loci. One of 
the aims of the present study has been to examine this 
question in certain variant proteins in P1a1ciparu.. 
A large number of P. falciparu. proteins and their 
genes have now been identified and characterised using 
molecular biological techniques. Much of this work has 
involved identifying antigens which might induce 	a 
protective immune response in their hosts, e.g. the major 
*Tht term recombination is used in this thesis to denote the production of 
forms exhibiting non-parental combinations of characters (recombinants), 
which may be due to re-assortment of genes on different chromosomes, or to 
crossing over between linked genes. 
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schizont/merozoite antigen denoted P190, PSA or 	MSPP 
(Holder and Freeman, 1982, Hall et al 1984b, Cheurig et 
al, 1985 McBride et al, 1985, Kemp et al, 1986). In 
the absence of genetic analysis, the identification of 
variant forms of such proteins as alleles of a single 
gene has been based on molecular analysis. For example 
for the P190 gene, it has been estimated by hybridisation 
that the number of copies of the gene per genome is only 
one. When the DNA sequence of the antigen gene from 
different cloned lines is compared it is found to contain 
regions of homology and regions of difference. Using 
these criteria the various forms of P190 have been 
classified as allelic variants (Tanabe et a!, 1986). 
The principal feature of allelic variants of a gene 
is that they segregate from one another at meisis. Until 
this is demonstrated, definitive proof that variation in 
a given character is allelic is lacking. So far, evidence 
for 	allelic variation in P.,falciparunt has been 
obtained only for certain cifloenzymes, antigens and a few 
other proteins. Walliker et a! (1987) have used genetic 
analysis to demonstrate that variant Forms of the P190 
antigen are inherited in a Mendelian fashion.. Wellems et 
a! (1987a) have also shown that forms of a histidine 
rich protein denoted HRPII, segregate after a cross, and 
thus are allelic forms of a single gene. 
1.4 METHODS OF STRAIN CHARACTERISATION OF P..FALCIPARUH. 
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1.4.1 MORPHOLOGY. 
The earliest methods for differentiating parasites 
made use of light microscopy. Microscopic observation has 
been used to differentiate between many species of 
malaria parasites (Garnham, 1966). Some epidemiological 
studies also suggested that "varieties" of P.falciparum 
existed. Microscopical observations however, can 	be 
considered as rather imprecise methods for parasite 
strain characterisation as they can be subjective, and 
only a limited variety of characters are likely to be 
detected. 
1.4.2 DRUG-SENSITIVITY. 
Drug sensitivity has been used to discriminate 
between isolates and clones of P. falciparuia (Trager 
et al,1981, Thaithonget al 1984,) and of rodent 
malaria (Walliker, 1983a,b). To 	determine 	the 	drug 
sensitivity of P.. -fa1ciparu, different concentrations 
of drug are added to parasite cultures. The parasite 
morphology and parasitaemia are then compared to control 
cultures after an appropriate period. An alternative 
method is to determine the uptake of 	H hypoxanthine 
into drug treated parasites, 	compared 	to 	control 
untreated parasites. This method is considered by some 
workers to be a more acurate means of testing the effects 
of the drugs than microscopy (Desiardins, 1979).. Drug 
resistance has limited use in strain characterisation of 




A lloenzyme markers have proved one of the most 
important means of differentiating species, sub-species 
and strains of malaria parasites. Electrophoretic forms 
of a given enzyme are usually due to allelic variation at 
a single locus. Different cLUoenzymes have slightly 
different charges and can be separated on the basis of 
migration rate through a gel matrix. Six enzymes are 
routinely used in malaria strain characterisation: 
Glucose 	phosphate 	isomerase 	(GPI, 	EC 	5.3.1.9), 
6-phosphogluconate dehydrogenase (PGD, EC 1.1.1.43), 
lactate dehydrogenase (LDH, EC 1.1.1.27), NADP dependent 
glutamate dehydrogenase (GDH, EC 1.4.1.2) adenosine 
deaminase (ADA, EC 3.5.4.4) and peptidase (PEP, EC 3.4.11 
or 13). 
Enzymes have been 	particularly useful 	in 
distinguishing species and sub-species of rodent malaria 
parasites in Africa (Carter,1978). In P.fa1ciparua the 
results of enzyme studies have been consistent with 
morphological and physiological observations that it is a 
single species. However enzymes can distinguish parasites 
from different geographical regions to a limited extent 
For example, a form of LDH denoted LDH-2 appears to exist 
only in African isolates, but not in 	those 	from 
South-East Asia or South America (Sanderson et al, 
1981). 
1.4.4 ANTIGENS. 
Methods of studying antigen diversity include the 
I 
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use of monoclonal antibodies (McBride et al, 1982, 
Schofield et-al . , 1982), some of which recognise strain 
specific epitopes of 	antigens. 	The 	technique of 
immunofluorescence with monoclonal antibodies allows 
different parasite genotypes to be discriminated by their 
blood form antigens. Mixtures of different parasite 
genotypes can also be detected. The test works on very 
small quantities of blood, smeared onto microscope 
slides, and has been used to distinguish 	numerous 
P.falciparun clones and isolates. 
Wilson (1980) used S antigens found in patients 
sera to discriminate parasite strains. The parasite 
secretes immunologically distinct proteins into the 
hosts blood. The host responds by making antibodies to 
these proteins. Ouchter- 1ony tests showed that a wide 
variety of antigenic types were present in different 
isolates. 
1.4.5 DNA PROBES. 
Techniques can be used which analyse the DNA 
composition of strains e.g. probes of repetitive DNA, or 
pulsed field gradient gel electrophoresis (PFG). For 
example the rep20 probe is a repeated sequence of DNA 
scattered throughout the genome of P.fa1ciparu 	(Goman 
et al, 1982, Oquendo et al, 1986). When genomic DNA 
of different parasite strains is digested by restriction 
enzymes, blotted and hybridised with rep20 a strain 
specific pattern of hybridisation is produced. 
PFG has been described above (section 1.3.2). A 
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number of workers have found that the size of chromosomes 
varies in different strains (Corcoran et al ,1986, 
Walliker et al, 1987). However the usefulness of the 
technique for strain characterisation is questionable as 
it has been found that changes in the size of certain 
chromosomes can occur under normal passage of asexual 
parasites and following meiosis (Wellems et al, 1987b, 
Walliker et al, 1987). 
DNA probes for antigens can also be used to 
differentiate strains (Coppel et al, 1985, Wellems et 
al, 1987b). Restriction site polymorphisms 	in 	the 
flanking regions of a gene result in different sized 
fragments of DNA in Southern blots. 
1.4.6 TWO DIMENSIONAL ELECTROPHORESIS. 
Two dimensional pal yacryl ami de gel electrophoresis 
(2D-PAGE) which is the principal subject of the present 
work, has been used to a limited extent to characterise 
P.fa1ciparu (Tait, 1981, Brown et al, 1982, 1983, 
Walker, 1985). The method uses both sodium dodecyl 
sulphate polayacrylamide electrophoresis (SDS-PAGE) and 
.isoelectric focussing (IEF) to analyse complex protein 
mixtures (O'Farrell.,1975). The main advantage which the 
method has over most other protein fractionation methods 
is that it spreads proteins over a wide area of gel using 
two independent properties, charge and molecular weight. 
100-500 separate gene products can be screened on one gel 
(Anderson, 1983). 
It is generally assumed that 2D electrophoresis 
15 
will detect alterations in charges of proteins. This has 
been demonstrated conclusively by altering the charge on 
lysine residues of proteins by carbamylation. The altered 
protein is found to differ in its isoelectric point. The 
difference in isoelectric point is inversely proportional 
to the size of the protein (Anderson, 1983). Such changes 
in a proteins charge are not necessarily caused by 
carbamylation in nature, but may be a result of 
amino-acid substitutions in allelic forms of one protein. 
The theoretical limits of the technique have been 
summarised by Anderson (1983): 28% of all DNA base pair 
substitutions result in a charge-changing amino-acid 
substitution detectable by electrophoresis. 4% of base 
pair substitutions result in the loss or addition of a 
stop codon and may result in change in polypeptide size. 
When different organisms are examined by 2D-PAGE 
the position of some proteins may be the same in each 
organism, while the position of others may differ. In 
general, the more closely related two organisms are, the 
more their proteins will be similar. If two organisms are 
members of the same species, but are different 
individuals then as many as 90% of protein positions may 
be shared. The 10% that are not shared are different 
because of allelic polymorphism. Different genera may 
have little or no homology. This topic is discussed 
further at the end of section 3. 
Two dimensional electrophoresis thus allows the 
analysis of many proteins for allelic polymorphism. Once 
identified, these proteins can be used for studies of 
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populations as well as studies of individual organisms. 
This thesis describes the application of the technique to 
both areas in an attempt to understand the genetic 
composition of P.falciparuia. 
1.5 AIMS OF PRESENT WORK. 
The purposes of this study were as follows: 
To characterise by 2D-PAGE strains of P.falciparulh 
from different regions of the world, The information 
obtained is a measure of the heterogeneity within the 
P-falciparun population and could 	illustrate 	the 
possible effects of geographical isolation 	on 	the 
parasite. 
To examine the composition of certain isolates of 
P.falciparux by cloning and 2D-PAGE, to determine the 
extent of heterogeneity within single isolates. This 
included the examination of parasites from a patient who 
had exhibited recrudescent infection following 	drug 
treatment with mefloquine. 
To examine the allelic nature of proteins revealed by 
2D-PAGE. This was achieved in two ways; (a) by carrying 
out peptide digestion of individual protein variants to 
examine their relationships using the Cleveland technique 
(Cleveland et al, 1977). (b) 	By 	examining 	the 
inheritance of the variant forms of certain proteins in a 
cross made between two P.falciparui clones. 
To use the 2D technique to obtain information on the 
nature o certain types of drug resistance. 
To characterise the variant proteins revealed by the 
2D-PAGE technique, as antigens, enzymes etc. 
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2 MATERIAL AND METHODS. 
2.1 PARASITES. 
The parasites used in this work are shown in Table 
2.1. They are maintained in the WHO Registry of Standard 
Strains of Malaria Parasites in the Genetics Department 
of Edinburgh University. For the purposes of this work a 
clone is defined as a culture of parasites which has 
originated from a single parasite. An isolate consists 
of uncloned parasites taken from a patient on a specific 
occasion and maintained in culture. A strain is similar 
to an isolate, but has usually been passaged for a long 
period and may have undergone a particular procedure in 
the laboratory, e.g. selection for drug-resistance. The 
difference between a " strain " and an 'isolate" is rather 
arbitrary. 
2.2 ROUTINE MAINTENANCE. 
Parasite cultures were maintained 	either 	in 
petri-dishes, using the candle-jar method of Trager and 
Jensen (1976) or in flasks using a modification of the 
method of Haynes et al, (1976). 
Parasites were grown in 
consisted of; RPMI 1640 (GIBCO) 
NaHCOm and ZOpg/ml gentamycin 
with human serum, usually type 







HEPES, 25 mM 
supplemented 
nplete medium 
to the same 
formulation, without the serum and gentamycin sulphate. 
The erythrocytes were usually type 11011, used at a 
TABLE 2.1 
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This isolate was derived from a patient living near 
Amstordam airport, who had never left the country, and 
was probably infected by a mosquito carried 	by 	an 
aircraft from a tropical country. There is some evidence 
that the parasite is of African origin (Collins et al, 
1986). 
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haematocrit of 57.. Culture volumes were 1.5 and 4 mis in 
dishes and 5 and 25 mis in flasks. Flask cultures were 
gassed with a mixture of 907. N, 5X0 and 57.CO. 
Parasite growth was monitored by taking blood 
smears from cultures which were stained with Giemsas 
stain at pH 7.2 (Sorensens buffer). When parasites in a 
culture had invaded more than 5% of the host cells (5% 
parasitaemia) the culture was diluted to a 0.5% 
parasitaemia for further maintenance. 
To preserve parasites in liquid nitrogen (-196C) 
cultures were chosen which contained a large proportion 
of ring 	forms. 	Following 	centrifugation 	(1,5006) 
supernatants were removed, and deep freeze solution (287. 
glycerol, 3% sorbitol and 0.657. NaCl) was added slowly, 
the volume was equal to that of the red cell pellet. Cell 
suspensions were placed in screw capped ampoules, which 
were plunged into liquid nitrogen. 
Removal of cells from liquid nitrogen was by two 
methods: (1) Parasites were thawed by placing the ampoule 
in a water bath at 37C. Sorbitol at concentrations of 
17.57., 107., 7.57., 57. and 2.5% was added in succesive 
steps to the parasitised cells. Each step involved adding 
sorbitol at lOx the packed cell volume, dropwise with 
mixing, and leaving the resulting suspension for five 
minutes at room temperature. The parasites were then 
centrifuged at 1,5006, the supernatant removed, and the 
next concentration of sorbitoi added. The parasites were 
finally washed in incomplete medium, centrifuged, and 
suspended in complete medium for culture. (2) For the 
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second method of retrieval, salt solutions and dextrose 
were used. Parasites were thawed by placing in a water 
bath at 37C. An equal volume of 127. NaCl was slowly 
added with mixing. After standing for 3 minutes, 10 
volumes of 67. NaC1 was added, slowly with mixing. The 
RBCs were pelleted by centrifugation at 1,500g for 5 mins 
and the supernatant removed. Finaljy 10 volumes of 0.97. 
NaCl/ 0.6% dextrose was added in a similar way. After 
centrifugation, the pellet was resuspended in culture 
medium, again added slowly, with agitation, and the 
parasites cultured. 
23 	SYNCHRONISATION AND PULSE CHASE. 
2.3.1 SYNCHRONISATION OF PARASITES. 
An important 	factor in good incorporation of 
radioactive amino-acids was the stage of 	parasite 
development in culture. Experiments requiring high levels 
of radioactive uptake at specific stages made use of 
parasites synchronised with sorbitol (Lambros and 
Vanderberg, 1979). 
Sorbitol destroys trophozoite and schizont stages 
of the parasite, thus allowing survival of only ring 
forms. In sorbitol treated cultures the ring forms 
which survive are aged from approximately 0-24 hours. To 
obtain a highly synchronous culture therefore more than 
one sorbital treatment was carried out. 
To synchronise a culture, parasitised RBCs. were 
pelleted by centrifugation at 1,500g. The supernatant was 
Figure 2.1 
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Hours 
Synchrony of a P.falciparuR culture by 	sorbitol. 
Samples were taken every three hours. The proportions of 
ring stages (*) , trophozoites (x) , and schizonts (0) were 
then calculated and plotted graphically (section 2.3.1). 
20 
removed, and 5 volumes of 5% sorbitol added. After mixing 
thoroughly, the suspension was allowed to stand at room 
temperature for 5 minutes.. The cells were pelleted (1,500 
6) and the supernatant removed. Complete RPMI medium was 
added and new cultures started. Blood smears were taken 
after 24 hours to check that parasites were synchronous. 
A second synchronisation was carried out when a new 
generation of ring forms was present, and extra red cells 
added.. This procedure was repeated until the culture was 
highly synchronous.. Figure 2.1 is the result of a culture 
in which good synchrony had been achieved. Blood smears 
were taken every three hours and stained The proportion 
of different stages, rings, trophozoites and schizonts 
were then calculated. Such highly synchronous cultures 
were used in proteolysis experiments (sections 2.12 and 
4) and pulse chase experiments (section 7). 
2.3.2 PULSE CHASE EXPERIMENT. 
Radioactive precursor (200 psCi of 	S methionine) 
was added to a synchronous 4 ml culture. The parasitaemia 
was 3% and the culture consisted of early trophozoite 
stages. The radioactive methionine was left for 
approximately 6 hours until the parasites had matured to 
late trophozoites. The radioactive tracer was removed and 
the parasites washed twice in methionine free RPMI. From 
this time (time 0) 100 pl  samples were removed every 
three hours. These samples were washed twice in either 
RPM! or RPMI + 2mM PMSF and placed into 2D lysis buffer 
or lysis buffer + PMSF. The parasites were not saponin 
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lysed. Each sample was counted for radioactive content, 
2D gels were run, each containing 200,000 cpm. 
24 CLONING OF PARASITES. 
Cloning was carried out using a modification of the 
limiting dilution method described by Rosario (1981). 
A parasite culture was placed on a shaking device 
at 37C for 48 hours. This procedure reduced the number 
of multiple infections in 	red 	blood 	cells. 	The 
parasitaemia of the culture to be cloned was calculated 
accurately. The haematocrit was determined using a 
haemocytometer. 	The parasites were 	diluted 	to 
concentrations of 10q,10 and 0.5 parasites in 0.1 ml 
aliquots of RPMI medium and 5% haematocrit blood. A 96 
well microtitre plate was set up using 0.1 ml per well of 
the 0.5 parasitesl0.1 ml suspension. Control wells were 
set up using 10 and 10 parasites/0.1ml. The plate 
was placed into a modular incubator and gassed with the 
gas mixture described above (section 2.2). The medium was 
changed every 48 hours and fresh blood added every 7 
days. When fresh blood was added, as much medium as 
possible was removed from the cultures. 200 1i1 of RPMI, 
containing red cells at 2.5% haematocrit was added to 
each culture. The culture was mixed thoroughly and split 
into two wells. Cultures were checked for parasites after 
2 weeks. Positive cultures were expanded into 1 ml of 
RPMI medium at 5% haematocrit in a 24 well multiwell 
plate, changing the medium every 24 hours. Flask cultures 
were established, and when sufficient parasite material 
was present the cultures were frozen in liquid nitrogen 
as described above (section 2.2). 
A second method of cloning was attempted which 
followed the same procedure as above except that in the 
initial stages cultures were left For 7 days before 
changing the medium and adding fresh blood cells. In the 
second and third weeks of growth the medium was changed 
at 3 day intervals. Screening of the parasites, and 
expansion of positive cultures was carried out as 
described above. 
For the dilution used in the 	clonings 	(0.5 
parasites/ well), it can be estimated from Poisson 
distribution that only 77% of the positive cultures will 
be derived from a single parasite. The other 33% will 
derive from more than one parasitised red blood cell, or 
from a multiply infected red blood cell. For a 20 well 
microtitre plate therefore, using this dilution only 10 
wells should be positive For parasites. From these 10 
wells, 7 clones are expected to have been derived from a 
single parasite. 
2.5 FREEING PARASITES FROM RED CELLS. 
Parasites were removed from RBCs by selectively 
lysing the host cells with saponin. For routine work with 
radiolabelled amino-acids the parasitised RBCs were 
washed twice with 5 volumes of incomplete RPMI medium. 
The cultures were centrifuged at 1,500g and pellets 
resuspended in twice their volume of incomplete RPMI. The 
suspension was then mixed with twice the volume of 0.157. 
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(w/v) saponin in incomplete RPMI.. When the RBC suspension 
had lysed (5 minutes), 3 volumes of incomplete RPMI was 
added, and the parasite material centrifuged at 2,500g 
for 10 minutes The supernatant was removed and the 
parasites given a final wash in incomplete RPMI. The 
entire procedure was carried out at 4C.. To minimise 
host cell contamination (e.g.. for 	imrnuno-. blots and 
peptide digest work) the number of washes was increased 
to three, before and after saponin lysis. 
2.6 INCORPORATION OF RADIOACTIVE ISOTOPES. 
The majority of experiments in this study made use 
of asynchronous parasite cultures at a parasi taemi a of 47. 
in 1.5m1 cultures. Two labelled amino acids were used 
to radiolabel the parasite proteins:- 
S Methianine labelling : Incorporation 	of 
radioactive isotope into parasite proteins was carried 
out by replacing the RPMI medium with methionine free 
medium (Eagle's minimal medium, modified with Earle's 
salts EMEM, GIBCO). In addition to the usual supplements 
of HEPES, and NaHCO 	(see above), extra glucose 
(2mg/mi), hypoxanthine (50pig/ml), reduced glutathione 
(600g/ml) and para-amino benzoic acid (lpJg/ml) were 
added to the EMEM (Zolg et al,1982). For each ml of 
this medium SOJJCi of 	S methionine was added. The 
extra nutrients were added to enhance parasite growth, 
and thus allow maximum incorporation of radioactive 
precursor.. 
H Histidine labelling : The labelling of cells 
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with this amino acid required the use of a suitable 
histidine free medium. This was made by using 	balanced 
salts 	and 	vitamins solutions 	(GIBCO) 	which were 
supplemented with the constituents of RPMI medium, except 
histidine. This medium was stored at -70C. When 
required the medium was used as for the methionine free 
medium above, adding an appropriate ammount of z3H 
histidine (1001jCi/2 ml of culture). 
To measure incorporation of labelled amino-acids, 
saponin lysed parasites were solubilised in SDS sample 
buffer (42mM Tris, pH 6.8, 17. w/v SDS, 57. v/v 
-mercaptoethanol, 	9% 	v/v 	glycerol, 	0.0087. 	v/v 
bromophenol blue) or O'Farrell (1975) 2D lysis buffer 
(9.5M urea, 27. (v/v) nonidet-P40, 27. (v/v) ampholines, 57. 
(v/v) -mercaptoethanol). The solubilising concentrations 
normally used were 1xl0d, parasites/pl of buffer. SDS 
buffer was incubated at 37C for 2 hours for complete 
solubilisation of parasite protein. 2D lysis buffer 
samples were frozen at -70C and thawed, twice, to 
solubilise the parasite proteins. Both samples were 
cleared of debris 	by 	centrifugation 	at 	11,500g. 
Supernatants could be stored at -70C. 	4U 	of 
supernatant was removed and spotted onto Whatman (GF/A) 
filter circles; in 	order 	to measure 	radioactive 
incorporation. Unincorporated amino-acids were removed 
using TCA washing (Bollom,1966). Scintillation fluid was 
added and the samples were counted on a Beckman 
scintillation counter. Typical incorporation figures were 
in the order of 10 ,15, cpm/10 parasites. 
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2.7 ENZYME ELECTROPHORESIS. 
Two types of enzyme electrophoresis were used, 
cellulose acetate and starch gel electrophoresis. The 
principles behind each are the same. Parasite extracts 
were applied to gels and electrophoresed. The gel was 
then stained for the enzyme under investigation adding 
reagents which used the catalytic activity of the enzyme 
to form a coloured band (Sanderson et. al. ,1981) - 
2.7.1 CELLULOSE ACETATE ELECTROPHORESIS. 
For cellulose acetate electrophoresis the Helena 
system was used. Parasite samples were prepared by 
saponin lysis (section 2.3) , and electrophoresis carried 
out using Supre-heme buffer, according to the 
manufacturer's 	instructions. 	The 	enzyme 	under 
investigation was adenosine deaminase (ADA) - To stain the 
gel for this enzyme, adenosine (10mg), MTT 	(5mg), 
xanthine oxidase (0.4 units) , , nucleoside phosphorylase 
(0.5 units) and PMS (2mg) in 2ml 0.1M phosphate buffer 
pH 7.2 were added. After incubation at 37C the 
position of ADA on the gel became visible as a blue band. 
2.7.2 STARCH GEL ELECTROPHORESIS. 
Starch gels were used to prepare the enzyme ADA for 
2D-PAGE. The sample prepared for this work contained a 
radioactive component of 1 x 10 	cpm and a cold 
component of approximately 3-5 mg parasite protein. 
Starch gels were carried out using the methods of 
Sanderson et. al. (1981). Two tracks were loaded with 
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parasite material, only one of which contained the 
radioactive component. The gel was run for 4 hours at 240 
volts. The gel was sliced vertically between the two 
tracks into two halves. The non-radioactive half of the 
gel was then sliced horizontally and the same staining 
solution as that used for cellulose acetate poured over 
the bottom half. When the position of the enzyme band 
appeared, the corresponding unstained region of the 
radioactive half of the gel was excised, placed in 1001j1 
of 2D lysis buffer and rocked over a twelve hour period 
to allow the enzyme to diffuse into the buffer. The 
starch was removed by centrifugation at 11,500 G. The 
supernatant was then used for 2D PAGE, as described in 
section 2..8 
2.8 POLYACRYLAMIDE GEL ELECTROPHORESIS. 
Two types of electrophoresis were carried out: one 
dimensional (1D) and two dimensional (2D). 1D gels used 
SDS to bind and to confer a proportional negative charge 
to protein, eliminating the effect of native charges. The 
proteins were then separated by their mobility through a 
polyacrylamide gel matrix.. When compared to a set of 
standard proteins, the relative mobility of unknown 
proteins can be calculated and an estimate of their 
molecular weight obtained. Two dimensional gels separate 
proteins firstly by native charge using isoelectric 
focusing and secondly by SDS separation, as in one 
dimensional gels.. 
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- .3.1 ONE DIMENSIONAL GELS 
	
1D Gels used a discontinuous buffer 	system 
(Laecnmli, 1970). An upper stacking gel concentrates the 
proteins into a tight band and a lower resolving gel 
separates proteins by their relative mobility. In this 
study, resolving gels were either 7 or 107. acrylamide. 
Other types of resolving gel were made using a gradient 
maker. This allowed gels to be formed in which the 
concentration of acrylamide increased towards the bottom 
of the gel (Lambin, Rochu and Fine, 1976). The formats 
used were 10 - 207. and 5 - 107. acrylamide. Autoradiograph 
gels were 0.75 mm thick, while staining and imrnuno-
blotting gels were 1.5 mm thick. Mr calibration was 
carried out by co-electrophoresing Sigma MW markers 
(SDS-6H) and staining them with Coomassie blue. 
The preparation of a 10% acrylamide gel was as 
follows: A resolving gel (0.375M Tris, pHB.8, 	10% 
acrylamide w/v (methylene bis-acrylamide/acrylamide 
0.8/29.2), 0.17. SDS (w/v), 0.032% ammonium persulphate 
(w/v), 0.00027. TEMED (v/v)) was poured between two glass 
plates to a height of 12cm. This was overlayed with 
0.17.SDS and allowed to polymerise. A stacking gel (0.11 M 
Tris, pH6.8, 4.37. acrylamide (w/v) (methylene 
bis-acrylamide/acrylamide 0.8/29.2), 0. 17.SDS (w/v), 
0.036% ammonium persuiphate (w/v), 0.00057. TEMED (v/v)) 
was poured on top of the resolving gel. This was either 
poured to the top and overlayed with 0.17. SDS for 
subsequent use in 2D gels or a well mak'er was inserted to 
give tracks for 1D gels. Once the gel had set and the 
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samples applied, the electrode buffer (25mM Tris, 0.191 M 
glycine and 0.17.SDS) was placed in the apparatus and 
electrophoresis carried out at 225mAHrs for 1.5mm gels or 
112mAHrs for 0.75mm gels. 
2.8.2 TWO DIMENSIONAL GELS 
The procedure adopted in the present work was 
essentially that of O'Farrell (1975). The first dimension 
consisted of a tube isoelectric focusing rod gel. 2% 
ampholines in the ratio 4:1 of pH 5-7 and pH 3.5-10 were 
mixed with 9 M urea, 1.67. v/v NP40, 4% w/v acrylamide 
(acrylamide/methylene bis acrylamide, 	28.4/1.6) 	and 
polymerising reagents (0.01% w/v ammonium persLtlphate and 
0.00077. v/v TEMED). The gel was poured to 11 cm in 13 cm. 
tubes (1.5mm diameter) sealed with parafilm. The gel 
solution was then overlayed with 8M urea and allowed to 
set. Overlay was removed and replaced with 20pl of 2D 
lysis buffer which was in turn overlayed with distilled 
water. After an hour the gels were ready to be 
prefocused. 2D lysis buffer and water were removed and 
replaced with fresh 2D lysis buffer. This was overlayed 
with the cathode solution (0..02M NaOH) and the tube 
bottoms then immersed into the anode solution (0.01M 
HPO). Prefocusing was at 200V for 15 minutes , 300V 
for 30 minutes and 400V for 30 minutes. Parasite samples 
were then applied to the basic end of the gels. Samples 
were overlayed with 27. ampholines (v/v) and 4M urea, and 
left to focus for 14-16 hours.. After focussing, the tube 
gels were extruded using a syringe and needle, to force 
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distilled water around the gel. Gels were equilibrated in 
buffer (10 mls of 107. glycerol (v/v), 57. 
P -mercaptoethanol (v/v), 2.37. SDS (w/v), 0.125 M Iris pH 
6.8). This removed ampholines and urea and allowed 5DB to 
bind to the proteins. Tube gels were then attached to an 
5DB PAGE system, using 1% agarose in equilibration 
buffer, and run the same way as the one dimensional gels 
described above. Tracking dye of 0.17.(w/v) bromophenol 
blue in equilibration buffer was used to check the 
progress of the gel. Gels were then ready for Coomassie 
staining, irnmunoblotting or fluorography. 
	
Calibration 	of tube gels 	was 	carried 	out 
immediately after a gel run. The tube was cut into 5mm 
sections and put into imi of degassed 25mM KC1 for 1-2 
hours, on a rocker. The pH was measured for each sample 
and results plotted as a graph. 
Calibration of the SDS-PAGE part of 2D was carried 
out by placing a small well maker in the molten 17. 
agarose. Once set, molecular weight markers were pipetted 
into the well. These were visualised by Coomassie 
staining after electrophoresis. 
2.9 COOMASSIE STAINING. 
Coomassie stain was used to detect parasite protein 
Coomassie blue (Sigma R) was made at 37. (w/v) in 507. 
(v/v) methanol, 77. (v/v) acetic acid. After staining for 
two hours the gels were destained in 507. (v/v) 
methanol,77. (v/v) acetic acid for two hours, and then .57. 
(v/v) methanol 77. (v/v) acetic acid until parasite 
proteins were visible as blue stained bands or spots. 
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2.10 FLUOROGRAPHY AND AUTORADIOGRAPHY. 
For fluorography the method used was as described 
by Laskey and Mills (1975). After the proteins had been 
stained in Coomassie blue or fixed in SOY. TCA, gels were 
dehydrated in three washes of dimethyl sulphoxide (DMSO, 
30 minutes each wash), followed by 3 hours of 
impregnation with PPO (2,5 diphenyloxazole) using a 
22.2Y.(wlv) solution in DM90. Gels were washed thoroughly 
in DDW for at least one hour and dried (section 2.11). 
Amplify (Amersham International) or 1M siacylate in 107. 
glycerol (v/v) were also used for fluoroqraphy. 
Fluorograms and autoradiograms were exposed to 
Kodak X-Omat (RP or 9) or Amersham MP film in cassettes 
or between two glass plates in a black plastic bag. After 
exposure at -70C for 7-14 days the film was ready to 
be developed. Development was carried out acording to the 
manufacturer's instructions. 
2.11 GEL DRYING. 
Gels were routinely dried under vacuum on an LKB 
gel drier. Whatrnan 1A filter paper was used as a backing 
for the gels, which were dry within 1 hour. 
2.12 PROTEOLYSIS. 
To carry out digestion experiments on proteins, 
the following preparations were used: (1) A labelled 
parasite preparation which contained at least 4 x 10 
cpm of late stage parasites, and (2) a cold carrier 
preparation which was of similar protein composition to 
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the labelled material. The inclusion of the cold carrier 
allowed the detection of parasite proteins by Coomassie 
stain. To obtain these protein samples, a small culture 
was synchronised, grown to a high parasitaemia, and 
seeded into four larger volumes (4 m diameter petri 
dishes). One of these cultures was labelled using 100 
of 	S methionine and the remaining three used as cold 
carrier. After the cultures had reached a parasitaemia of 
10% trophozoite/schizont stages they were prepared For 2D 
electrophoresis. Electrophoresis was as described in 
section 2.8 using about 2 mg of parasite protein and 4 x 
1016 cpm. Detection of parasite protein was by Coomassie 
stain (section 2.9). Staining allowed proteins to be 
removed for digestion without autoradiography. 
2.12.1 PRONASE E. 
Pronase E is a mixture of proteolytic enzymes, 
cleaving proteins at a number of amino-acid residues. The 
Cleveland et al (1977) method of peptide digestion was 
used in this study. This technique uses SDS resistant 
proteolytic enzymes to cleave proteins within the matrix 
of an SDS-PAGE gel. 
Proteins of interest were cut from gels using a 
scalpel blade. They were then equilibrated in 0.17. SDS, 
1mM Tris pH 7.4 (solution A). A gradient gel of 10 to 20% 
acrylamide and 0.75 mm thickness was made, the stacking 
gel poured, and a fifteen well comb inserted. Tracks were 
filled with solution A. Gel fragments containing the 
proteins under investigation were forced into the wells, 
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and bubbles removed. The fragments were surrounded with 
20% glycerol in solution A. A second layer of 10 	l of 
1x10gJml pronase E in 107. glycerol, 0.1% bromophenol 
blue was laid above the gel fragments. The gels were set 
up and run for fifteen minutes. The power supply was then 
switched off for 20 minutes to allow the enzyme and 
proteins to mix. When the current was reconnected 
digestion stopped as protease migrated from the proteins.. 
Radioactive bands were detected by fluorography (section 
2.10) 
2. 12.2 N-CHLOROSUCCINIMIDE. 
The chemical n-chlorosuccinimide (NCS) 	cleaves 
proteins at tryptophari residues (Lischwe and Ochs, 1982). 
Parasite proteins were prepared in the same way as 
for pronase E digestion. Gel fragments were washed in 20 
mis DDW for 20 minutes followed by a further wash in 10 
mis of urea-acetic acid-DDW (lg/lmi/lml) for 20 minutes. 
Digestion was in the same buffer containing 10 mm 
NCS. Digestion was allowed to take place for exactly 40 
minutes. NCS was removed with one wash in 25 ml DDW 
followed by three changes of 20 ml 
mercaptoethanol-tris-SDS (157. -mercaptoethanol, 37. SDS, 
0.062511 Tris). Gel fragments were loaded and run as 
outlined above for pronase E (section 2.12.1). 
2.13 IMMUNOBLOTTING 
1 or 2D gels were run with protein concentration of 
approximately 2 mg/100 ai. Two transfer systems were 
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used: (1) The methods of Towbin et al (1979) and (2) 
using phosphate SDS buffer (207. methanol, 0027. SDS, 20mM 
Na ~H PO). All material used for the transfer was 
presoaked in transfer buffer. Gels were placed next to 
the nitrocellulose and any trapped bubbles were removed. 
Whatman 1A filter paper was placed on either side of the 
gel/nitrocellulose, followed by the pads supplied with 
the BioRad trans-blot apparatus. A 300 mA current was 
applied to transfer the negatively charged proteins to 
the nitrocellulose membrane. This was carried out at 
4C. 
Any molecular weight marker proteins which had been 
coelectrophoresed were detected by removing the 
nitrocellulose containing them and staining with amido 
black (napthalene black in 45% methanol,10% acetic acid). 
Destaining was carried out in 907. methanol , 2% acetic 
acid. Once the protein bands were visible, the markers 
were washed and dried. 
The remaining protein binding 	sites on 	the 
nitrocellulose were blocked with either bovine serum or 
5% non-fat milk powder in either PBS or Tris/NaC1 (1.21X 
w/v Tris, 97. w/v NaCl, 0.057. v/v Tween 20, pH 7.4). 
Antibody of interest was diluted in the blocking solution 
and probed for at least one hour. Excess antibody was 
removed with at least three washes in PBS or Tris/NaC1. 
The binding site of these antibodies was detected by 
applying a second antibody, recognising either mouse, 
rabbit, or human IgG, which was linked to horse radish 
peroxidase (HRP, kindly supplied by the Scottish Antibody 
34 
Production Unit, Carluks, Lanark Scotland). This was is-Ft 
to react for up to 2 hours. The blot was washed 
thoroughly in alternate washes of PBS and Tris-NaC1. The 
areas of HRP activity i.e. antibody binding, 	were 
detected 	using 	either 	o-dianisidine 	(1mg/mi) 	or 
n-chloronapthol (0.5mg/mi) as substrate and HO 
(0.01% v/v) as the catalyst for HRP, in Tris/NaCl buffer. 
Once a colour had developed, the reaction was stopped by 
rinsing the reactants with three washes of distilled 
water. The blot was dried between two pieces of blotting 
paper, and photographed immediately. If the proteins used 
were radioactive the blot was set against x-ray film in a 
Kodak cassette which contained lanex regular intensifying 
screens, for autoradiography (2.10) 
2.14 IMMUNOFLUORESCENCE. 
In the technique of immunofluor -escence 	(lEA) 
antigen is allowed to react with antibody on a multispot 
microscope slide. Detection of antigen/antibody complex 
is with a second antibody conjugated to fluorescein. 
Preparations are examined by UV microscopy. 
2.14.1 ANTIGEN PREPARATIONS. 
The technique used was essentially as described by 
McBride et al (1982). Parasite cultures containing a 
large number of late stage trophozoites and schizonts 
were prepared. The culture supernatant was removed after 
centrifugation at 1,5006. Parasitised erythrocytes were 
then resuspended in PBS and centrifuged at 1,5006 The 
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supernatant was removed and the pellet of parasitised 
erythrocytes washed three times. The parasites were 
resuspended in PBS to a haematocrit of 107., 20 tAl 
aliquots were applied to multispot microscope slides, and 
allowed to dry. Slides were stored with a desiccant 
(silica gel) at -20 C, until needed. 
2.14.2 THE INDIRECT IMMUNOFLUORESCENCE ASSAY (lEA). 
Slides were removed from -20C and immediately 
fixed 	in 	acetone. 	Anti-P .fa1ciparui 	antibody 
(monoclonal antibody, rabbit serum or human serum) was 
applied in PBS at an appropriate dilution (1/10-1/1000), 
depending on the antibody concerned, to each well and 
allowed to react for 30 minutes in a moist atmosphere. 
Antibody was removed with three washes of PBS for 1, 2 
and 5 minutes, and the slides 	dried. 	A 	second, 
fluorescein-conjugated, antibody recognising the 
appropriate IgG (anti-human IgG, anti-rabbit 1gB or 
anti-mouse IgG, Sigma). was applied at a 1/100 dilution 
to each well and allowed to react for 30 minutes in a 
moist atmosphere. Antibody was washed off with three 
washes of PBS for 1,2 and 5 minutes, and slides were 
counter-stained with 0.17. Evans blue in PBS for 5 
minutes. Excess stain was removed by rinsing with PBS. 
Slides were covered with 50% glycerol in PBS and a 
coverslip applied. Fluorescence was detected using a 
Leitz Dialux UV microscope. 
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-1 .15 RECOMBINANT DNA TECHNIQUES. 
The expression clone 4q57 in the phage 	Gt11-Amp3 
(Stahl et al, 1985) was kindly made available by Dr 
David Kemp, Walter and Eliza Hall Institute of Medical 
Research, Melbourne, Australia, for use in the detection 
of the SHARP gene product in 2D gels Two steps were 
involved in the use of the clone. a) The expression of 
the fusion protein; this consisted of the J3 galactosidase 
gene product and part of a P.falciparui gene product. 
b) Subsequent purification and attachment of the protein 
to a cyanogen bromide (CNBr) column 	and 	affinity 
purification of human antibodies to this protein to be 
used in 	ixmnunoblotting of 2D gels. The process is 
essentially as described by Crewther et al (1986). 
2.15.1 EXPRESSION OF FUSION PROTEIN (Kemp et al. 1983),. 
Bacterial cells containing recombinant phage were 
first checked to ensure that the phage still contained 
part of a Pfalciparuii gene product 	in 	the 
galactosidase gene. Bacteria were grown on plates which 
contained IPT6 and X-Gal. Control colonies, NB110 
straio containing wild-type xGT 11 (kindly supplied by 
Professor J. Scaife, Molecular Biology Dept., University 
of Edinburgh) turned blue (-galactosidase functioning), 
while those of Ag 57 were white 	(-galactosidase gene 
interrupted). 
The -galactosidase gene product from both 4g57 
lambda and NB110 lambda was also examined. The products 
of the two cell lines after phage induction were compared 
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on SDS PAGE gel and immunoblotting. When the immuno- blot 
was probed with an anti--galactosidase antibody (a gift 
of Prof Scaife) the fusion protein From Aq57 was found to 
migrate at a higher Mr than the normal protein from wild 
type phage i.e the fusion protein was larger, as it still 
contained part of a P.falciparum gene. 
Large scale production of the cell lines was 
carried out as follows: Small cultures were set up from 
colonies of each cell line (NB110 and Ag57), and grown at 
30C for 12 hours in 10 mis of L-broth. The 10 ml 
cultures were used to seed 500 ml flasks  of L broth, and 
grown at 30C, with mixing. When an optical density of 
0.3 at 600nM was reached the expression of the phage 
proteins was induced by switching the culture to 42C 
for one hour. Cells were harvested by centrifugation at 
4C and the pelleted bacteria were snap frozen at 
-196C in 100mM phospate buffer (pH 6.8) containing 
100mM DTT, and sonicated. Sonicates were mixed with 1% 
SDS and incubated for 15 minutes at 37C. Buffer was 
diluted to give 0.57. SDS. Small proteins and debris were 
removed by using a centricon 30 microconcentrator 
(Amicon). Proteins from both control and Ag 57 cells were 
then ready for linking to CNBr activated beads, and 
affinity chromatography. 
2.15.2 AFFINITY CHROMATOGRAPHY. 
CNBr beads (Pharmacia) were prepared according to 
the manufacturer's instructions. The proteins obtained 
from the NB110 and the Ag57 were linked separately to the 
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beads. NB110 and Ag57 linked beads were packed into two 
small columns (1 ml volume) , and washed in PBS. Human 
serum gathered from people from a malarious area of 
Thailand, and kindly given for use by Dr Sodsri 
Thaithong, was checked for anti-P.falciparuii antibodies 
by immunofluorescence (section 21 .14). The -five sera with 
the highest titre were pooled, diluted at 1 in 2 in PBS 
and centrifuged (3,000 6). The pooled serum was passed 
over the NR110 control column using a peristaltic pump, 
for 1 hour. In a similar way the serum now cleared of 
antibodies to the NB110 column was passed over the Ag57 
column. Non specific binding was removed from the column 
using alternate washes of borate buffer (0.618X boric 
acid (w!v) , 0.954% sodium tetraborate (w/v), 37 NaCl 
(w/v), 0.057. Tween 20 (v/v)), and PBS. Bound antibodies 
were eluted from the column in 100mM glycine, 150mM NaCl, 
pH 2.6, and immediately neutralised in 2M Tris pH 7.4. 
The reactivity of antibodies was screened by 
immunofluorescence.. The antibodies were then used for 
immunoblotting (section 2.13). 
To increase 	the 	stringency, 	subsequent 
purifications used 3% blotto in PBS as the solution to 
pass the serum over the column and as an additional wash 
after the antibodies had been bound to the column. 
2.16 ANTIBODIES. 
In addition to the human serum described above 
(2.15), the following antibodies were used in this work: 
a) monoclonal antibodies made by Dr Jana McBride, Zoology 
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Dept., Edinburgh University. These monoclonal antibodies 
reacted with antigens of merozoite/schizont surfaces, the 
red blood cell surface, a rhoptry antigen and parasite 
lactate dehydrogenase 	Hall, 1983, McBride et at, 
pers..comnm. ,1987) - They were used to immunoprecipitate 
antigens by Dr John Clark and Dr Jana McBride (Zoology, 
Edinburgh University). Precipitates were then analysed 
using 	two 	dimensional 	electrophoresis. 	In 	other 
experiments two dimensional gels were run and blotted on 
to nitrocellulose, to be probed with the monoclonal 
antibodies by Dr John Clark or Dr 	Robert 	Ridley 
(Molecular Biology Department, Edinburgh University). b) 
Other 	monoclonal 	antibodies 	which 	reacted 	with 
histidine-rich proteins were supplied by Dr 	Thomas 
Wellems, NIH, USA (Wellems and Howard, 1986). Antibodies 
to histidine-rich proteins were also made in rabbits by 
immunising with a synthetic 	oligopolypeptide. 	This 
peptide sequence was deduced from the sequence of the 
histidine-rich protein genes (Wellems and Howard, 1986). 
c) Polyvalent anti-P_falciparuR antiserum was raised in 
rabbits by immunisation with 10 parasites of isolate 
SK17 and Freunds adjuvant sub-cutaneously. This was then 
followed with monthly boosts 	intra-muscularly 	with 
parasites and Freunds incomplete adjuvant (made by Dr 
Andrew Tait, 	Genetics 	Department, 	University of 
Edinburgh). Polyvalent antiserum raised against 
parasite clone XP-1 was made in a similar way but used 27. 
SDS without any adjuvant as the injecting solution. 
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3 CHARACTERISATION 	OF ISOLATES OF 	PLASMODIUM 
FALCIPARUM FROM DIFFERENT REGIONS OF THE WORLD.. 
3.1 INTRODUCTION 
Previous studies by Tait (1981) and Walker (1985) 
have shown that variant proteins detected by 2D-PAGE can 
be used to differentiate strains of malaria parasites 
From South-East Asia and The Gambia. In this section, 
parasites from areas of Thailand, countries of Central 
and South America (Brazil, Colombia and Honduras) , and 
Africa (The Gambia, Nigeria, Sierra Leone, Uganda, 
Zimbabwe) are compared by this technique to determine 
whether there are geographical variations in the 
frequencies of variant forms of proteins.. 
3.2 RESULTS 
3..2..1 THE TWO DIMENSIONAL MAP. 
The two dimensional map (Fig 3.1) illustrates the 
P_falciparux proteins detected by 2D PAGE. Each protein 
is detectable as a distinct spot on a gel.. The x axis 
shows the isoelectric points (IEP) of proteins and the y 
axis shows their mobility, relative to a set of standard 
proteins (Mr) . Black spots are those which are invariant 
in different parasite isolates, i.e. they occur in the 
same position in each isolate. Open spots indicate 
proteins which vary in either IEP or Mr in different 
isolates. The IEP and Mr of most proteins have been fully 
described by Walker (1985) and during the course of the 
Figure 3.1 
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Figure 3.1. The 2D-PAGE map. Proteins are represented by 
spots. The scale on the )' axis is given in kiloDaltons 
MD). The X axis indicates isoelectric point as pH, basic 
pH is on the right. Black spots are found in the same 
position in different isolates. White spots vary in 
different isolates (section 3.2.1). 
TABLE 3.1 




1 	K L N N P 
REGION 
W2,W2 NEF. - 2 2 2 1 1 1 	2 2 1 1 1 Indochina 
PB! 1 2 4,5 3 2 2 1 6 3 1 2 1 1 2 Thailand 
CH 150 4 2,5 2,6 1 2 1,2 2 	4 2 1 1 1 Thailand 
CH 150R 4 2 1 6 2 1 1,2 1 2 5 1 1 1,2 1 Thailand 
NF 54,LPL,3D7 2 3 2 3 2 1 1 	3 1 1 2 1 (Africa) 
PA 17 2 3 5 3 2 1 1,2 	3 1 2 2 1 Uganda 
N161 - 2 8 2 2 2 1,2 2 1 1 - 1 Nigeria 
ZIN91 2 2 4 2 1,2 1 1 	- 1 1 2 1 Zisbabwe 
06 - 3 4 4 1 2 1 3 1 1 2 2 Sierra Leone 
H83 4 7 4 3 2 2 1 	1 1 1 2 2 Honduras 
1EC51184 - 7 3 4 1 1 1 3 1 1 2 1 Brazil 
1EC52184 - 7 3 3 1 2 1 	2 2 2 2 2 Brazil 
1EC55184 4 7 7 3 1 2 1 3 I 1 2 2 Brazil 
(b) 
A B CD E F B 	HI J K L N 	NP 
SK 15 1 2 2 1 2 1 2 	2 	1 2 2 2 1 	1 1 	Sonkhla 
SK 16 12 21 2 1231272111 
SK 17 11 11 1 1111111111 
SK is 23 22 2 2211211111 
SK 19 2 3 2 2 2 2 2 	1,4 	1 2 1 1 1 	1 1 
K 1 4 - 2 4 2 I 1 	3 	1 2 5 2 1 	1 1 Kanchanaburi 
K28 24 52 4 3111242111 
K29 2 - 2 2 2 1 2 	3 	1 2 5 1,2 1 	- 1 
K36 2 - 2 3 2 1 2 	1,3 	1 2 1 2 1 1 1 
19 2,4 7,8 2,3 4,5 1,2,3 2,3 1,2 	3,6 	1,2 13,5,61 1 	1 1 	Tak 
T17 3 6 2 2 2 1 1 31,224,72 2 1 1 
119 3- 16 2 3161162111 a 
120 2 - 1 4 3 1 1 	1 	1 1,2 4 2 1 	- i 	
a 
122 3,4 5 5 3 2 3 1,2 	2 1 1 2 1 I 1 1 
N 20,FC27 2 1,12 2 4 2 1 2 	3 	1 2 7 1 1 	1 1 Papua New 
Guinea 
61 29,10,114 4 3 1 1,3 	3 1 1 3 1 1,2 	2 1 	Gaabia 
Table 3.1. The isolates screened by 2D—PAGE for 
polymorphism (section 3.2.2). The letters indicate the 
variants of each protein shown in Figure 3.1. In section 
(a) results are those obtained in the present work. The 
CH150 and CH 150R are results of collaborative work with 
Ms Chutaphant Pinswadi. ZIM 91 material was kindly 
supplied by Ms Alison Creasey. (b) Results obtained by 
Walker (1985). (—) indicates that no protein spot was 
obtained. 
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present study, new forms of certain proteins have been 
found. Each group of variable proteins has been 
assigned a letter of the alphabet, A, B, C, etc. Within 
each group variants are numbered 1,2 etc. Thus protein 
group A has four variants; Al, 42, 43 and 44. 
3.2.2 PROTEIN PATTERNS OF UNCLONED ISOLATES. 
Table 3.1 shows the variant forms of each protein 
group in all the P.falciparum isolates studied. The 
lower section 3.1b shows the results of Walker (1985). 
The most notable results of both surveys were as follows: 
(1) Each isolate possesses its own unique 2D protein 
pattern, with the exception of certain cultures discussed 
below (section 3.2.6) . (2) Some cultures contain more 
than one variant of one or more proteins e.g. PB1 
possesses two forms of protein D, 4 and 5,and of P, 1 and 
2. Clones derived from such isolates contain only one 
form (see section 3.2.3 below). (3) Some variants appear 
at much greater frequencies in certain regions of the 
world than in others. For example C3, C7, K3, N2 and P2 
are predominant in African and S.American isolates while 
Ni, P1, forms of 1< other than K3, and forms of C other 
than C3, C4 or C7 predominate in South-East Asia. (4) 
Some variants appear to be unique to one area e.g. Al, 
43, CS, C6, El, F3, K4, K5, K6 and K7 are present only in 
Thailand, C7 and D7 are apparently specific to S.American 




CULTURE 	A 	C D 	E 	F 	B H 	I 	J K L N N P 
PB I 	unc1.) 	1 2 4>5 	3 
P8 	1/i 	1 2 5 	3 
PB1/45 	1 2 4 	3 
2 	2 6 1 2 6 3 	1 2 1<2 
2261263121 
2261263122 
Table 3.2 2D-PAGE characterisation of the P81 clones. 
(see section 3.2.3.1). 
TABLE 3.3 
VARIANT PROTEIN 
CULTURE 	A 	B 	C 0 	E 	F 	6 H 	I 	J 	K L N N P ADA 
19 uncloned 2,4 7,8 1,2 2,4 1,2 1,2 1,2 3,6 1,2 1,2 3,5 1 	1 	1 1,2 1,2 
(Iotal,froi 	 3 	5 	3 	3 	 6 
table 4.2). 
34 4 7 	25 22,326216>311-- - 
44 4>27 25 2 326216)311 - 	 - 	 - 
32,94 4 7 	2 5 	2 3 2 	6 2 	1 	6 	1 	1 	1 	1 	1 
13,19,23, 2 8 	1 4 	3 2 2 	3 1 	2 	3 	1 	1 	1 	1 	1 
57,96,98,107 
100,102 1 - 	 2 5 	3 2 2 	6 1 	2 	6 	3 	1 	2 	1 	1 
103,106 
97,99,101 1 - 	 2 4 	3 2 2 	6 1 	2 	6 	3 	1 	2 	2 	2 
105 2,4 - 	 2,3 4 	1 1,2 1 	3 1 	2 	5 	1 	1 	1 	1 	I 
Table 3.3. 2D-PAGE characterisation of the T9 clones 
(section 3.2.3.2). Clones 13-96 were obtained by Rosario 
(1981) and analysed for 2D PAGE by Walker (198). Clones 
97-107 were made by Thaithong (1983) and examined by 2D 
PAGE in the present work.. > Indicates proportions in a 
mixed culture. (-) Indicates that the results for this 
protein were not obtained. ADA indicates the Adenosine 
deaminase c.zlloenzyme type. - 
Figure 3.2. Fluorograms of two of the isolates examined 
in this work, T9 and PB1. The axes are as described in 
Figure 1. The variable spots (white spots in Figure 1), 
are indicated. Both cultures were found to contain 
parasite mixtures and were subsequently cloned (section 
3.2.3). 
T9 	2 	PB1 
















3.2.3 PROTEIN PATTERNS OF CLONED ISOLATES. 
As mentioned above, uncloned isolates may contain 
more than one variant of a given protein, but clones 
possess only single forms. This is illustrated by the 2D 
PAGE patterns of isolates PB1 and T9 and of the clones 
derived from these cultures. Two dimensional gels of T9 
and PB1 are illustrated in Figure 3.2. 
3.2.3.1 PB1 CLONES. 
The uncloned culture of PB1 contained two variants 
of each of the proteins D and P. When three clones 
derived from PB1 were analysed, two different genotypes 
were obtained: clone PB1-1 was characterised by D5 and 
P1, while clones PB1-4 and PB1-5 possessed D4 and P2 
(Table 3.2). The clones were similar for all other 
proteins. 
3.2.3.2 T9 CLONES. 
Clones T9 13 to 96 were obtained by dilution of 
isolate 19 by Rosario (1981), and examined by 2D PAGE by 
Walker (1985) and in the present work. Clones 19 97 to T9 
107 were subsequently made by Thaithong (1984), and 
examined by 2D PAGE in the present study (see Figure 3.3, 
and Figure 3.4). 
Table 3.3 shows the results of two dimensional 
analysis of all T9 cultures. Clones were of four 
genotypes. Two had been observed by Walker (1985) (1) 
clones 13, 19, 23, 57, 96, 98 and 107 and (2) clones 32 
and 94. In the clones analysed for the first time in this 
TABLE 3.4 
VARIANT PROTEIN 
WEEKS OF A 	B 	C 	0 	E 	F 	6 	H 	I 	J 	K L 	N 	N P 
CULTURE. 
8 2,4 - 	 1,2 - 	 1,3 	2>1 	2 	- 	- - 	 3>6 	- - - 	 1,2 
16 4>2 - 	 2 4 	- 	1,3 	1,2 	- 	1,2 2 	5>6 	1 1 1 	1>2 
20 4 - 	 2,3 4,5 	1 	3,1>2 	1,2 	- 	1,2 2 	5>6 	1 1 1 	1,2 
28 4 - 	 2 - 	 2,3 3>1>2 	2 	- 	1,2 2 	6>3 	- 1 1 	1>2 
30 4 -24,523>22 ---6-- -1>2 
1985' 2,4 7,8 2,3 2,5 	2,3 	2,3 	2 	3,6 	1,2 	1 3,6 	1 	1 - 	 - 
Table 3.4. The uncloned T9 culture was examined by 2D 
PAGE, at a number of time points of passage (see section 
3.2.4). The weeks that these time points represent are 
indicated. 	Walker (1985) results.. (>) Indicates 
relative proportions in a mixture. (-) Indicates that the 
results were not obtained. 
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Figure 3.3. Fluorograms of the four clonal types found in 
the T9 clones (section 3.2.3.2). These are represented by 
T9 clones 100, 99, 96 and 	94. Protein 	differences are 
indicated. 
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Figure 3.4. Fluorograms of artificial mixtures of the 19 
clones: 94/98, 96/100, 94/100 and 102/105. Making 
artificial mixtures allows the variable proteins to be 
identified. The variants of interest are indicated. 
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study another two genotypes were found; (3) clones 100, 
102, 103 and 104 and (4) clones 97, 99 and 101. Two 
cultures, denoted 34 and 44, had been demonstrated to be 
mixtures by Walker (1985). Culture T9-105 was also mixed, 
as this culture contained two forms of protein A (2 and 
4) two of C (2 and 3) and two of F (1 and 2). 
2D PAGE fluorograms of the four 	phenotypes, 
typified by clones 100, 99, 96 and 94 are shown in 
figures 3.3 and 3.4. The protein differences are 
illustrated more clearly in Figure3 ..k, which shows the 
results of co-electrophoresing proteins of different 
phenotypes. Figure 34 also includes the culture 105 
which displayed the forms C3, Fl and KS.. 
3..2.4 VARIATION IN COMPOSITION OF UNCLONED T9. 
The uncloned isolate T9 was examined at various 
times of culture for the 2D markers which it contained. 
The results are presented in Table 3.4. The following 
observations were made: (1) Some protein forms were 
present in early cultures, but absent later e.g. A2 was 
present in weeks 8 and 14, but absent from weeks 20-30 
(2) Other protein forms present at the start became 
undetectable for a period, then reappeared e.g. K3 was 
present in week 8 absent in weeks 16 and 20, was present 
at week 28, and gone again by week 30. (3) Forms absent 
initially appear transiently, then disappear again e.g. 
61 and KS are present only in weeks 16 and 20. These 
changes indicate changes in the proportions of the 
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Figure 35. The average number of 2D marker differences 
between the parasites of the areas studied (section 
3.2.5). These results include those of Walker(1985) for 
Songkla, Kanchanaburi, and Tak The method used is based 
on Walker(1985) except that proteins B,H and J have been 
omitted and proteins N and P included. The table of 
pairwise comparisons for individual parasites is given in 
appendix 1. Parasite cultures which were suspected of 
being contaminated by other cultures have been omitted 
from this comparison (nit) Indicates that only one 
isolate was obtained from this area. 
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3.2.5 COMPARISONS BETWEEN PARASITES OF DIFFERENT REGIONS 
OF THAILAND, AND OF OTHER PARTS OF THE WORLD. 
There is considerable diversity in the 2D PAGE 
patterns of different isolates.. Of the 28 isolates shown 
in Table 3.1 none were found which were identical. In 
some instances the cultures obtained from a single 
patient can show a large number of protein differences 
between the constitutive phenotypes (e..g CH150). 
In order to investigate parasite population 
structure in more detail, parasites from each region of 
Thailand were compared to those of other regions, and an 
average of the number of 2D variant differences 
calculated. To do this, the different isolates and clones 
were placed in order along the top of a grid, and in the 
same order on the left hand side; each parasite was then 
compared to all others. The number of variant proteins 
which differed between two individual isolates or clones 
was calculated. Results are illustrated in appendix 1. 
The number of differences between each region was 
calculated by averaging the values for individual 
isolates calculated above. The results are illustrated in 
Figure 3.5. For example, the average number of variant 
protein differences shown by parasites within Songkla 
(i.e.. the average of the differences between SK15 v SK 
16, 17, 18, 19, 61<16 v SK 17, 18, 19 etc) is 4.3.. The 
average number of differences between Kanchanuburi and 
Songkla is 4.8. Because of the small sample size, and the 
nature of the test, these values must be regarded as only 
imprecise estimates of genetic differences. 
TABLE 3.5 
VARIANT PROTEIN. 
ISOLATE 	A 	C 	D 	E 	F 	6 	I 	K L 	N 	N 	P 	COUNTRY 
SN 4 2 5 2 3 2 	2 6 	I 	1 	1 	1 Gambia 
FCB-1 4 2 5 2 3 2 	2 6 	1 	1 	1 	1 Gambia 
SL-3 4 2 5 2 3 2 	2 6 	- 	- 	 1 	1 Sri Lanka 
NF 58 4 1,2 5+7 2,4 2,3 2 	2 3,6 	- 	- 	 1 	1 Indonesia 
T994 4 2 5 2 3 2 	2 6 	1 	1 	1 	1 Thailand 
6AN 83-1 - 1 4 3 2 2 	1 3 	1 	1 	1 	1 Gambia 
458 - 1 4 3 2 2 	1 3 	1 	1 	1 	1 Gambia 
357 - 1 4 3 2 2 	1 3 	1 	1 	1 	1 Gambia 
T9 96 2 1 4 3 2 2 	1 3 	1 	1 	1 	1 Thailand 
Table 3.5. 2D—PAGE characterisation of seven cultures 
found to contain the same variants as T9 clones 94 and 96 
(section 3.2.6). (—) Indicates that the results were not 
obtained- 
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3.2.6 PROTEIN PATTERNS OF ISOLATES OF UNCERTAIN ORIGIN. 
A few parasite cultures, originating from widely 
separate parts of the world were found to possess 
identical 2D PAGE protein patterns (Table 3.5). These 
include isolates FCB-1 (Colombia), SL-3 (Sri Lanka), 8W 
(The Gambia), and T9 clone 94 (Thailand). Isolate NF 58 
(Indonesia) contained at least two genotypes, one 
corresponding to T9 clone 94, and a second 	quite 
different genotype. 
A similar situation existed with the three Gambian 
isolates, GAM 83-1, 458 and 357 which were found to be 
the same as T9 clone 96 (see Table 3.6). 
In view of the regional variation found for all 
other isolates as discussed above, the most likely 
explanation of these results is that cross contamination 
between certain cultures had occurred in the laboratory_ 
3.3 	DISCUSSION. 
3.3.1 2D PAGE AND STRAIN CHARACTERISATION 
Tait (1981) was the first to demonstrate that two 
dimensional electrophoresis could distinguish different 
P.falciparui isolates. Some preliminary evidence for 
region specific variation was found, and a few cultures 
were tentatively identified as being parasite mixtures. 
Brown et al (1982, 1983), studied 2D proteins of 
5 isolates. They identified variable proteins and also 
noted parasite isolates which they considered to contain 
mixtures of more than one genotype, on the basis of their 
46 
possession of more than one form of certain proteins. 
Walker (1985) expanded the 2D work of Tait (19(31), 
and found more variation in the protein content of 
different parasite lines. A detailed survey of 14 Thai 
parasites isolated from different geographical 
regions allowed an analysis of the population structure. 
Her principal conclusions were that: (1) Each parasite 
isolate possessed its own characteristic 2D pattern and 
was thus genetically unique, (2) Parasite isolates from 
the same area usually shared more protein variants than 
those From different areas, (3) Region specific protein 
variants occurred, (4) a proportion of parasites were 
found which contained more than one form of certain 
variant proteins and (5) on cloning certain mixed 
isolates, only one form of each variant protein was found 
in each clone. 
Tait (1981), Brown (1982, 1983) and Walker (1985) 
assumed that the technique differentiated allelic forms 
of each variable protein. This assumption will be 
considered in more detail in later sections. For the 
purpose of this discussion, it is also assumed that each 
spat an a 2D gel is encoded by a different gene. When a 
given spot is altered in different strains, this is 
considered to be due to allelic variation of the gene 
determining the protein involved. 
In the present investigation a number of new 
findings have made it necessary to make certain changes 
and additions to the proteins used for strain 
characterisation described by Walker (1985). The proteins 
47 
B, H and J were found to be of low abundance in the 
present work.. These proteins did not label well with 
S methionine, presumably because of their low content 
of this amino-acid. As methionine was used throughout 
this study it was decided to omit these proteins from the 
study (see Table 3..1a). 
Additions to the 2D map of Walker(1985), as a 
result of the present study are as follows.. Variants in 
the C group contained more heterogeneity than she was 
able to detect.. The strains 122 and K28 originally 
characterised as containing C2 (IEP,5.68 Mr,120.5kD) were 
found on closer examination not to contain C2 but had a 
new variant denoted CS (IEP,5.68 Mr,119kD see Figure 
6.3).. Results obtained in collaboration with Dr Sodsri 
Thaithong and Ms Chutaphant Pinswasdi (Chulalongkorn 
University, Bangkok, Thailand) have demonstrated a new 
variant C6 (IEP,5..73,Mr,119..5kD) in the CH150 cultures 
(see Table 3.1).. The C7 (IEP,5.5,Mr,124 kD) variant, 
which was first seen in an isolate from Honduras H83, is 
also present in other Brazilian isolates. New variants 
were also found in the D group. The Brazilian culture 
55/84 possessed a new variant, D7 (IEP,6..24,Mr,116..9kD). 
The variant D8 (IEP,6.25,Mr125.5kD) was found in the 
Nigerian isolate NIG 1. 
Two new protein groups have been added, N and P. 
The N group was recognised but not used by Walker (1985). 
However, enough information was obtained from her study 
to alocate a variant of N to most cultures analysed in 
the earlier survey, (Table 3.1). In the present study 
FIGURE 3.6 
HISTORY OF T9. 
CLONING BY 
PATIENT IN TAI< HOSPITAL 
BLOOD 
ISOLATE T9 
BROUGHT TO EDINBURGH 
CULTURE 
ROSARIO (1980) 	 (0) 
CLONES 1-96 
(13) 	 DEEP FROZEN 	CULTURE 	CLONING BY 
(3) 	 (3) 	THAITHONG (1982) 
II CLONES 97-107 
CULTURE 	2D ANALYSIS 	(11) 
(3) 	(28, 30) 
2D ANALYSIS 
(8, 16 AND 20) 
Figure 3.6. The history of the T9 culture. The 2D 
analysis was carried out on two separate occasions. The 
results are indicated in table 3.4 and sections 3.2.3.2 
and 3.3.2. The numbers in brackets indicate the number of 
weeks since the culture was established in Edinburgh. 
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this protein group has proved useful as it appears to 
differentiate African and South American parasites from 
those of South-East Asia. 
Group P was first found to vary in F'1 (F1,IEP,.8, 
Mr,36..4kD and P2,IEP,5.9,Mr,34.4kD) cultures. The P2 
variant has now been found in some African and South 
American cultures. South-East Asian cultures contain 
predominantly P1. This protein is analysed further in 
section 7. 
3.3.2 GENETIC COMPOSITION OF ISOLATES. 
T9 was established in Thailand and brought to 
Edinburgh as a live culture. This was grown and frozen in 
liquid nitrogen. Rosario (1981) cloned from a T9 culture 
which had been continuously passaged for 13 weeks from 
isolation. Thaithong cloned from a T9 culture which had 
been frozen, then revived; this effectively meant that 
the culture had been passaged for 11 weeks (see Figure 
3.6). Figure 3.6 also shows the occasions when the 
uncloned isolate was examined by two dimensional 
el ectrophoresi s. 
The uncloned isolate T9 was originally shown to 
contain two forms of the enzyme ADA, and two forms of 
GPI. Clones made from T9 by Rosario (1981) were 
characterised by either GPI-1 and 2, and by ADA-1. The 
explanation for this was that the T9 isolate contained 
more than the two phenotypes isolated by cloning. 
Parasites containing ADA-2 must have been present in 
uncloned T9,. but had disappeared by the time of cloning. 
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Walker (1985) showed that the uncloned isolate T9 
contained a nL(mber ot variant -i-or - ma o-f each c-f proteins 
P. E. C. C, F, F, H, 1 and K. Pifter the cultore had been 
cloned most clones contained Only one +orm of each 
Protein. Only two phenotypes were ound, one typified by 
4 and the other by 96. Clones 34 and 44, however, 
contained two forms of certain proteins and these were 
presumed to be mixtures of different phenotypes. Walker 
(1985) concluded that 19 may be a complex mixture of at 
least three genotypes. The third genotype (containing C3 
and D2) had not been isolated by cloning.. 
In the present study of clones T9-97 to T9-107, 
further phenotypically distinct forms have been found. 
When the new genotypes were analysed they contained 
variants Al, El, Fl, KS, L3 and N2, Table 4.1), not seen 
in Lincloned T9 by Walker (1985). The D2 variant present 
in uncloned T9 was not found. Some clones however, did 
contain ADA 2 (Thaithong et at, 1984).. 
The uncloned culture was analysed on a number of 
occasions (see Figure 3.6)., Figure 3.1a shows the pattern 
of one analysis. Two forms of proteins A, F, 6 and K can 
be seen in this gel. The results of 2D analysis of 
isolate T9, at various times during long term culture, 
revealed variants which had not been found by Walker 
(1985). The forms Cl, D4, El, Fl, 61, J2 and KS were all 
present in the isolate T9 (Table 3.4), but not all 
variants were present at the same time. Al, L3 and N2 
present in some clones, were not detectable in the 
uncloned culture, and D2 present in uncloned T9 was not 
I 
_, 
present in any dilution culture. 
There are to possible explanations for the absence 
from the original T9 culture of variants Al, L3 and N2 
found in the clones; (1) These forms were present in 
uncloned T9 at the time of cloning, but were undetectable 
when the 2D isolate was examined by 2D-PAGE. These 
genotypes should have formed a major part of the uncloned 
culture as they were present in many of the clones: 
however 2D analysis was not done at the time of cloning.. 
(2) Some clones may have become confused with other 
cultures, due to mistakes in the handling of these 
cultures in the laboratory. It should be noted that the 
2D-PAGE pattern of 19 clones 100, 102, 103, 106 and PB1 
clone 1 and T9 clones 97, 99, 101 and PB1 clones 4 and 5 
are identical. 
PB1 clones possesed only one of the mixed 2D 
markers found in the uncloned culture. It was also found 
that a later uncloned PB1 culture had been "overgrown" by 
one phenotype and possesed only single 2D markers. When a 
new culture, recently removed from liquid nitrogen was 
analysed, the expected mixture of markers were present. 
The proportional ammounts of each alternative were P2)-Pi, 
D4:>D5, which suggested that there were more parasites 
with phenotype P2D4 than with P1D5. When the clones were 
analysed 2 were of the apparently predominant phenotype 
P2D4, and only one clone possesed P1D5.. 
Each clone possesses only single forms of each 2D 
marker. This accords with the view that each variant of a 
2D marker is coded by different allelic forms of a gene, 
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and that the parasite is haploid. The 2D markers from a 
clone were found to be stable over at least six months of 
culture. 
The use of 2D has demonstrated fluctuations in the 
proportions of each genotype present in an uncloned mixed 
isolate. In cases like P81 the culture becomes overgrown 
by the most succesful clone. T9 showed a longer period of 
mixed genotypes, and at no time did only one genotype 
appear to predominate. The reason For such changes are 
not clear but as different batches of serum and blood are 
used in culturing, this may select different genotypes at 
different times. 
Isolates of P_falciparux have thus been shown to 
contain a number of genetically distinct clones. This has 
been shoin for other markers such as enzymes, antigens, 
gametocyte producing ability (Rosario 1981, Thaithong et 
al 1984, Graveset al 1984). The findings that malaria 
isolates are mixed and 	that 	the 	proportions of 
constitutive genotypes varies over time should preclude 
the use of genetically impure lines in many types of 
experiment in which standardised parasite material is 
required, (e.g. tests for drug-resistance). Cloned lines 
should be used wherever possible. 
33• VARIATION BETWEEN ISOLATES OF DIFFERENT REGIONS. 
It appears that most of the protein variants 
identified by two dimensional analysis are present 
throughout the world. However, it seems clear from the 
present work that region specific variants exist. 
('J 
Figure 3.7. As discussed in section 33.3 five different 
geographical areas were used to isolate parasites in 
Thailand. These were Tak, Phraphuttabat, Kanchanaburi, 
Chanthaburi and Songkhla. These regions are indicated on 
the map. 
C - 
Preliminary evidence for this was obtained by Walker 
(1985), who found that variant C4 was present only in an 
isolate From the Gambia, and not in any Thai isolates. In 
the present work, variant C7 has been shown to occur 
occur exclusively in the New World and C5 and C6 only in 
Thailand. C3 appears much more frequently in African 
isolates. Other protein groups A, D, E, F, 6 and K show 
similar area specific alleles. However, it should be 
noted that the number of isolates examined is small and 
the consequence could be that variants found only in one 
region such as C7 may exist in Thailand, but at 
frequencies too low to detect. Such frequency differences 
are shown by other protein groups e.g. variants P and N. 
Parasites from the New World are typically of the 
phenotype N2P2, Asian parasites show a predominance of Ni 
P1 genotypes, and African genotypes are mostly N2 P1. 
The results of pairwise analysis of parasites from 
Thailand suggest that the variation found in parasites 
within a region is less than the variation found between 
regions. There is no apparent relationship between the 
distance between two regions, and the number of 2D 
proteins which are different, as might be expected if 
distance was a barrier to parasite migration. For example 
Figure 3.7 shows that Phraphutabat was closest to 
Kanchanaburi and Tak, yet was the most different in 
pairwise comparison. The apparent diversity of 2D markers 
may be due to the mobility of the Thai population and the 
fact that parasites were obtained from patients in 
hospitals with very wide catchment areas. 
In the same way a single Papua New Guinean isolate 
and an isolate from 'Indochina", both areas of South-East 
Asia, were compared to the Thai isolates (Figure 3.5). It 
was found that these isolates differed from the Thai 
isolates at fewer positions than some of the Thai 
isolates differed from each other. For example Tak 
compared to Fhrabutabat differed on average at 8.3 out of 
12 protein groups, Indochina 1 compared to all Thai 
isolates differed on average in only 4.5 out of 12 
protein groups. 
	
Comparisons between 	parasites 	from different 
continents of the world showed that the variation found 
within the parasites of a continent was less than the 
variation found 	between 	parasites 	from different 
continents (Figure 3.5). This was similar to the 
situation found in Thailand where parasites from the same 
region tended to share more 2D markers. However unlike 
the situation in Thailand the protein variation in 
isolates from the continents show that widely separated 
parasites are more phenotypically different. For example, 
the average number of 2D protein differences between 
isolates from South-East Asia and South America was 7.3 
while those of South-East Asia and Africa differed by an 
average of 6.3. The average number of differences within 
South-East Asia was 5. 
3.3.4 EVIDENCE OF CROSS CONTAMINATION BETWEEN PARASITE 
CULTURES. 
Isolates FCB-1, SL-3, BW, and T9 clone 94 were 
found to be similar in to di men si onal gel run-a. The 
reasons for this are not understood, but laboratory 
contamination between cultures is a likely explanation. 
Evidence in support of this also comes from isolate NF 58 
which contained at least t4c genotypes, one corresponding 
to T9 clone 94, and a second genotype not corresponding 
to any other parasite genotype. This is perhaps direct 
evidence of contamination of one strain (isolate NF 58) 
with another (T9-94). 
A similar situation existed with the three lines 
GAM 83-1, 458 and 357. These lines were sent to Edinburgh 
from another laboratory for characterisation, after it 
had been suspected that they had been contaminated by 19 
clone 96. The 2D characterisation and other markers 
confirmed this was most probably the case. 
It was also found that some PBI clones (1,4 and 5) 
and T9 clones (97, 99, 100, 101, 102, 103, and 106) were 
found to be the same. The clonings were carried out at 
the same time and it seems likely that cross 
contamination may have been responsible. 
	
Walker (1985) suspected that laboratory 	cross 
contamination had occurred in isolates from Papua New 
Guinea which she examined, as these were all identical 
for their 21) PAGE markers. An investigation as to how 
this could have occured was conducted (Walker, pers. 
comm.). A petri dish with all the ingredients for 
parasite growth, but with no parasites, was placed in a 
candle jar together with petri-dishes containing 
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Table 3.6. Surveys of 2D—PAGE protein variations carried 
out on other organisms. Most organisms studied were 
diploid, and the results were expressed as heterozygosity 
indices. As malaria is haploid these have been estimated 
and expressed as percentage polymorphic loci, for ease of 
comparison. 	Indicates that an estimate has been 
calculated as the result was not expressed in the paper. 
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dish. At this time common pipettes were being used to add 
medium to all of the cultures, and this seemed the most 
likely source of contamination. The techniques used to 
culture parasites were subsequently altered to prevent 
such cross contamination by this method. 
This work illustrates the ease with which such 
problems can arise where several cultures are being 
maintained at the same time, and the importance of having 
available markers such as the 2D proteins in order to 
detect whether cross-contamination between strains has 
occurred. 
3.3.5 POLYMORPHIC PROTEINS; COMPARISONS BETWEEN DIFFERENT 
ORGANISMS. 
Table 3.6 gives examples of the number of 
polymorphic loci found in other organisms using 2D-PAGE. 
P. falciparun 	contains 	a 	large 	proportion 	of 
polymorphic loci relative to other organisms.. Protein 
polymorphism is generally of two types; quantitative and 
qualitative. The qualitative differences are usually 
charge changes and occur 	less frequently than 
quantitative differences. In P.fa1ciparu, however, 
most of the polymorphism detected is in electrophoretic 
mobility, and molecular weight variation is seen in 8 out 
of the 15 protein groups, a large proportion compared to 
other organisms. 2D PAGE polymorphism detected by other 
workers typically shows 2 variants of one protein, and 
occasionally other variants arise at low frequencies e.g. 
I SC) S'I N$Q 
triose phosphate Aexhibits three forms in man (Asakawa and 
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Satoh, 1984). 
P.ialciparui has an average of 4 variants for 
each protein group, with a range from 2 to 12. The 
reasons why P-falciparun contains so much polymorphism 
detected by 2D-PAGE are not understood, but could include 
the following:- 
The parasite is a unicellular organism. All the 
proteins necessary for life are synthesised in each cell. 
This contrasts with metazoan cells which may have a very 
specialised function, and in which only a smaller number 
of proteins may be synthesised (e..g.Ifthe red blood cell). 
In higher organisms specific tissues analysed by 2D-PAGE 
can vary in their protein polymorphism. For example nerve 
cells show very low polymorphism and liver cells greater 
polymorphism (see Table 3.6). A unicellular organism may 
therefore 	contain 	detectable protein 	polymorphism 
equivalent to the highest estimates for a multicellular 
organism. 
Differences in polymorphism have also been found 
between cytosolic proteins and membrane proteins. 
Membrane proteins in multicellular organisms tend to be 
less variable than proteins of the cytoplasm.. The malaria 
organism is parasitic and as a result membrane proteins 
may vary as a response to the hosts immune system. 
Evidence for this comes from the variability in proteins 
which are expressed on the surface of the malaria 
parasite (Leech et al, 1984, Kemp et al, 1986, 
Handunnetti et al, 1987, Tanabe et al, 1987). This 
would result in increase in the quantity of protein 
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polymorphism detectable by 2D-PAGE. 
(3) P.falciparuw has a worldwide distribution, 
and geographical separation could be expected to result 
in the accumulation of different proteins in different 
regions.. Enzyme data show that the organisms 	from 
different regions appear to be able to undergo genetic 
exchange, as similar enzyme 	variants 	are 	present 
throughout the world (Sanderson et al, 1981). Some of 
the 2D polymorphic loci support this view in that they 
are also found throughout the world. However alleles of 
some polymorphic genes have so far been found only in 
certain regions which 	is 	suggestive 	of 	isolated 
popul at ions. 
Dd 
4.1 PEPTIDE DIGEST STUDIES. 
4. 1. 1 INTRODUCTION. 
Peptide digestion is a valuable technique for the 
identification of protein relationships (James, 1978). 
Cleveland et al 	(1977) 	developed 	the 	use 	of 
SDS-resistant proteases to digest proteins at specific 
amino-acid residues, and separated the resulting peptide 
fragments by SDS-PAGE. Proteins which were 	closely 
related would possess similar banding patterns. This 
technique has now been applied to analyse different forms 
of the polymorphic P.falciparuw proteins A, C, D, E, F, 
6, K, N and P. 
Two cleavage systems were used; pronase E, a 
mixture 	of proteolytic enzymes 	from 	Streptoiayces 
gryseus, which cleaves proteins in a number of sites, 
and n- chlorosuccinimide (NCS) , which cleaves proteins at 
tryptophan residues. Both techniques were used as 
described in section 2.12. 
4.2 RESULTS 
4.21 REMOVAL OF PROTEIN SPOTS FROM GELS. 
Figure 4.1a shows a typical Coomassie stained gel. 
Proteins to be investigated were excised from gels and 
then subjected to proteolysis. The gels were then dried 
and exposed to film. Figure 4..1b shows the 4.1a gel after 
removal of certain proteins, in which the area from which 
spots have been removed can be clearly recognised. 
Figure 4.1.. a) A Coomassie stained 2D gel of the K28 
isolate. The variants of interest are indicated. The 
variants were removed and the gel dried down and exposed 
to film. b) The autoradiograph of K28 used in the 
previous experiment. The white areas are where material 
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4..2..2 DETERMINATION OF OPTIMUM CONDITIONS FOR DIGESTION. 
A number of test runs were set up to determine the 
required amount of enzyme/chemical to obtain 	clear 
banding patterns and to analyse certain 	invariant 
proteins to ensure the reproducibility of the technique. 
Results from these tests showed that the optimum amount 
of enzyme was 10 pl of a 7..5x10g/ml solution, used 
for 20 minutes. When this was increased to 50 t4l of 
solution, only a small difference in the results was 
obtained. A 1 l quantity of lmg/ml pronase E completely 
destroyed protein.. A similar procedure for the NCS method 
showed that the best results were achieved after a 40 
minute incubation in 0..0015M NCS.. NCS has an advantage 
over the enzymes in that increasing the NCS molarity from 
0.0015 to 0.15 makes no significant difference to the 
digest pattern (Lischwe and Ochs, 1982). 
Gradient gels of 10-20% acrylamide were used for 
digest work as they provided the best conditions for 
estimating true molecular weights, and stop small 
fragments electrophoresing off the bottom of gels (Lambin 
et al, 1974). 
Reproducibility was tested by digesting three of 
the major invariant proteins denoted 7, 18, 19 (see 
Walker, 1985). No difference was found in their digestion 
pattern in different gel runs. The pattern of each 
protein was unique. Digestion of polymorphic proteins was 
also found to be reproducible in different gel runs. 
However--whenever possible, the results of digestion were 
compared in adjacent tracks of the same gel. 
Figure 4.2. An autoradiograph of labelled protein F after 
cleavage with PNE and NCS. The numbers 1, 2 and 3 refer 
to the variants studied, variants came from cultures 
SK18, K28, K29, T9/94 and Ki. 
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Figure 4... a) C and D variants after digestion with NCS 
The numbers indicate the different variants. CI and C2 
were derived from uncloned T9.. The other variants came 
from the cultures T9/96, 19/94, 122, SK18, K28, K29 and 
Ki. b) Two variants of protein 6 were subject to 
digestion. The original Mr difference of G variants can 
be seen in some fragments. The cultures used were Ki and 
T9/94. 
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4.2.:. RESULTS OF DIGESTION OF PROTEINS F, N and F. 
The results obtained for the variant forms in 
groups F, N and P show that there is no detectable 
difference in protein structure between the variants in 
each group. The results for protein F are illustrated in 
Fig 4.2. The NCS method cleaved the protein into four 
fragments (63.1, 57.5, 52.5 and 22.4kD). The original 
protein is present at the top of the gel at 66kD. Pronase 
Z treatment gave 20 fragments. 
4.2.4 RESULTS OF DIGESTION OF PROTEINS t2, U, E AND G. 
Following digestion the different forms of each of 
C, D, E and 6 gave the same total number of fragments. 
Some of these fragments were of the same Mr in each 
variant, while other fragments showed a difference in Mr. 
The difference in Mr of these fragments corresponded to 
the difference in Mr of the undigested molecule. For 
example the variant forms of D 2, 4 and 5, were digested 
by NCS. The original 2D map (Figure 3.1) shows that D4 
has the largest Mr, followed by D2 then D5. This 
difference can be seen in the undigested molecules at the 
top of the NCS gel (Figure If .3). The peptide bands of Mr 
93.3 and 64.6kD in D4 are at different positions in the 
forms D2 and D5. The differences in Mr of these fragments 
is the same as the differences seen in the undigested 
molecules. The other bands at Mr's of 52.5 and 45.7kD in 
D4 were at the same position in D2 and D5. 
A similar situation existed with the variants of 
group C. Figure 4.3 shows that fragments at Mr's of 29kD 
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Figure 4.4. Proteolysis of A and K in isolates and clones 
of P..fa1ciparu. a) Results for A using PNE and NCS 
digestion, the cultures used are indicated. b) Composite 
picture of PNE digestion on protein K, the cultures used 
were Ki, MAD20, SK18, T9, T9/96, K28 and T9/94. c) and d) 
are drawings of the digestions above. Areas of heavy 
labelling with methionine in the K digests are indicated 
with an asterix. 
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and 26kD are in the same place (lowest two bands). The 
other four bands are different in the forms Cl, C2 and 
CS. The difference again reflects the difference show by 
the undigested molecule. 
A similar situation was found for variants in the 6 
group (61 and 62, Figure 4.3), and in the E group (E2, E3 
and E4, results not shown). 
4.2.5 RESULTS OF DIGESTION OF PROTEINS A AND K. 
Results were obtained for a limited number of the 
forms of A. Al and A3 were too close to the origin to be 
isolated from the gel, and A2 was completely degraded by 
the pronase E method. The results that were obtained, for 
the NCS method show that A4 from different isolates 
showed no difference in digestion pattern. When compared 
to A2, differences were found in the cleavage products, 
A2 contained a single band at an Mr of 46.2kD, while in 
A4 two bands at Mrs of 61.6 and 45..7kD were present 
(Figure 4.4). A different total number of bands were 
found between forms 2 and 4. 
With regard to group K, all forms, exept K2, were 
investigated. The NCS method produced no cleavage 
products, suggesting that the different forms of K 
contain no tryptophan. The results of pronaseE gel runs 
are illustrated compositely in Figure 4.4. Points of 
interest are as follows: 
(1) A number of band differences were apparent.e.g. 
in  1, 3, 4 and 6 three bands at Mrs of 10.5, 9.8 and 
92kD are present. In the variants 5 and 7 two bands at 
6-21 
Mrs of 10.3 and 9.6 kD are present instead. 
Some 	bands appear 	to have more 	label 
incorporated into them than other bands at a similar 
position. This is seen in bands of Mr 10.5 and 9.2kD in K 
1, 3, 4 and 6. 
When two forms of K at the same position on a 2D 
gel were examined from different isolates e.g. 	KS from 
cultures 1<1 and K28, then the two digestion patterns were 
identical (results not shown). 
Variant 3a was from an uncloned culture of 
isolate T9, while 3b was from T9-96, a clone derived from 
T9 (section 3). The digests were carried out in different 
gel runs. The overall patterns of these forms show bands 
in the same positions. The 12.6kD band however appears to 
be darker in track 3b. This is most probably due to 
fiuctuations between different gel runs. 
4.2.6 SUMMARY OF RESULTS. 
Each protein group, A, C, D, etc has a unique 
digestion pattern. Variants within each of the groups F, 
N and P showed identical digestion patterns. The variants 
within groups C, D, E and 6 have similar digestion 
patterns, but small differences in the positions of some 
fragments are the same as differences shown by the 
parental molecules. Variants in the groups A and K show 
considerable differences in digestion pattern between 
their constitutive members. 
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4.3 DISCUSSION. 
The aim of the study described in this section was 
to determine to what extent the 2D protein strain markers 
were determined by allelic forms of different genes. The 
technique of peptide digestion was carried out on 
variable proteins to complement genetic studies. If two 
proteins share amino-acid sequence then they may be 
cleaved by the enzymes or chemical in the same place and, 
the greater the degree of homology the more cleavage 
sites are shared. In applying the technique to the 
variable proteins of P.falciparum it has been 
demonstrated in most cases that a high degree of homology 
occurs when variants within a group are compared. This is 
consistent with these different forms of a protein group 
being due to allelic variations of a single gene. This 
has been shown to be the case for proteins C, D, E, F, B, 
N and P. 
In section 7 it will be shown that the 2D protein P 
and the aJ(oenzyme ADA are the same molecule. Variation in 
the electrophoretic character of 0Aoenzymes is usually 
due to substitution of a small number of amino-acids. The 
similarity of Peptide digest profiles of the different 
forms of P, suggests that this is the case for ADA.. 
In protein groups C,D,E and 6 the variants in each 
group displayed a difference in Mr. This difference was 
also displayed in some peptide bands after digestion. As 
outlined in the general introduction, changes in Mr of 
allelic proteins is unusual. A number of explanations 
could account for the differences: 
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The differences reflect changes in the peptide 
chain length by insertion of extra amino-acids. These 
extra amino-acids could be in the form of repeated 
elements, eg as shown in S antigens (Cowman et al, 
19e5). Insertion of a large number of extra amino-acids 
appears unlikely as this would probably have introduced 
some new cleavage sites. Elements of a short sequence, 
but repeated a number of times, would be less likely to 
introduce new cleavage sites. 
Sugar residues when attached to proteins can 
cause Mr fluctuations. A number of observations make this 
an unlikely explanation: (a) The proteins C, E, G, and K 
were not labelled with 'C glucos amine.. (b) Digestion 
gels were of a gradient format which counteract the 
effects of glycoproteins (Lambin et al, 1976, Lambin, 
1978). 
Other non-glycosylated proteins with unusual 
structures have migrated anomalously in SDS-PAGE gels (De 
Jong et al, 1978, Ozaki et a!, 1983, Wellems and 
Howard, 1986). Anomalous binding of SDS to amino-acid 
repeats has been used as an explanation for the histidine 
rich protein, HRP II, migrating some 30 kD heavier than 
the true molecular weight of 35 kD (Wellems and Howard, 
1986). 
Some of the protein variants of C, D and 6 have 
been shown to be alleles in a cross. Thus, one poss.be. 
explanation for the Mr differences shown by the alleles 
of most of these proteins is likely to involye single 
amino-acid substitution. 
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Protein groups A and K proved to have more complex 
digest patterns than the other protein groups. The 
structureSof the different forms were too different to 
say that they were alleles by this technique. However the 
genetic analysis in section 5 has shown that the 
different forms are alleles. The most likely explanation 
of such difference in structure is that both molecules 
may be exposed to the host immune system, and have 
developed into a series of immunologically distinct 
alleles. 
The evidence of peptide digestion and genetic 
analysis has shown that at least 9 out of the 15 protein 
markers used in 2D characterisation contain different 
allelic Forms of one genetic locus. Of the 15 marker 
proteins only two, H and K (Walker, 1985), bear any 
relationship to each other. This implies that the 2D 
pattern separates 14 different gene products. There is an 
average of 4 alleles for each locus. 
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5 GENETIC ANALYSIS 
5.1 INTRODUCTION. 
As discussed in section 3 a number- of assumptions 
have been made in defining the marker proteins used f or 
two dimensional analysis: (1) each form of a protein 
group is encoded by a corresponding allele of the gene 
for the protein and (2) the different protein groups 
A,C,D etc. are encoded by different genes. The peptide 
digest studies described in section 4 have provided 
strong evidence that these assumptions are correct. In 
this section, this question is addressed by examining the 
progeny of a cross between two P.falciparum clones for 
the pattern of inheritance of 2D PAGE proteins. 
The cross was made between two P.falcipar&ia 
clones, 3D7 and HB3 (Walliker et al, 1987). Each clone 
was distinguished by enzyme, drug sensitivity, antigen 
markers, and by five of the variable 2D PAGE protein 
groups (Table 5.1). They differed in addition by genes 
for 	histidine-rich 	proteins, 	the 	circumsporozoite 
protein, and ribosomal RNA (Wellems et al, 1987a 
Ver- nick and McCutcheon, pers. comm, 1987). 
The crossing procedure and establishment of clones 
is shown in Figure 5.1. Gametocyes of each parent clone 
were grown separately in culture. Mosquitoes (Anopheles 
freeborni) were fed on a mixture of their gametocytes, 
and a chimpanzee was infected with the sporozoites which 
were produced. The blood forms which developed in the 
chimpanzee were then established in culture in human 
FIGURE 5.1 
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\ 	 XP1-7 (DAY 
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CLONES X30-39 (EXCEPT 32) (DAY 41) 
Figure 5.1. Life history of the parasites used in the 
cross between the two P.falciparua parasite clones 3D7 




ANALYSIS OF P.FALCIPARUN CROSS. 
2D-PAGE 	Enzyme 	Antigens 	Histidine rich 
195kB 	43kD proteins. 
C 	B 	S 	K 	P 	ADA PYR 7.3 9.2 12.3 HRPI! HRPIII CSP RIB PFG 	TYPE 
Parents 
3D7A3 2131 1 	S 	- 	+ + 	0 0 0 0 0 	p 
H83A7 4212 2 R + - - H H H H H P 
30783 2131 1 	S 	- 	+ + 	B B B B 0 	P 
H8387 4212 2 R + - - H H H H H p 
Xl 	nit nit nit nit nit 1,2 	R 	+ 	- - 	nit nit nit nit nit six 
12 34211 1 R + - + H B B DChr4 I 
14 	7 	2 	1 3 	2 2 	R 	+ 	- - nit B nit nit H VIII 
IS 74111 1 R + - - 	H B H DChr2 V 
16 	74232 2 	R 	- 	+ - 0 0 H H H III 
X8 32131 1 S - + + 	B 0 0 0 D P 
19 	nit 	2,4 	1,2 1 	1,2 1,2 	R 	+ 	- - 	nit nit nit nit nit six 
110 	7 	4 	2 1 	2 2 S + - - 	nit nit nit nit nit XVI 
Xli 	7 	4 	1 3 	1 1 	R 	+ 	- - 	nit nit nit nit nit II 
112 	7 	4 	2 3 	1 1 R + - - 	nit nit nit nit nit IV 
113 	7 	4 	2 3 	2 2 	nit 	+ 	- - 	nit nit nit nit nit XII 
114 	3 	2 	1 3 	1 1 	nit 	- + + 	nit nit nit nit nit P 
XIS 	3 	2 	2 3 	1 1,2 	nit 	4 	- 4- 	nit nit nit nit nit mix 
116 	7 	4 	1,2 3 	1 1,2 	nit 	+ - - nit nit nit nit nit six 
117 	7 	4 	1,2 3 	1,2 2 	nit 	+ 	- - 	nit nit nit nit n/t six 
118 	3,7 	4,2 	1,2 3 	1 1 	nit 	- + + 	nit nit nit nit nit mix 
130 	3 	2 	1 1 	2 2 S + 	- + 	nit nit nit nit nit XIII 
131 	3 	2 	1 3 	1 1 	5' 	- + 4 	nit nit nit nit nit P 
132 	3 	4 	1,2 3 	2 2 R' 	- 	4 4 	nit nit nit nit nit six 
133 	3 	2 	1 3 	2 2 	R' 	+ - + 	nit nit nit nit nit XIV 
134 	7 	4 	2 1 	1 1 R' 	- 	+ - 	nit nit nit nit nit XV 
135 	7 	4 	2 3 	2 2 	R' 	- + - nit nit nit nit nit III 
136 	3 	2 	1 3 	1 I S - 	+ + 	nit nit nit nit nit P 
137 	3 	2 	1 3 	1 1 	S' 	- 4 + 	nit nit nit nit nit P 
XP1 	7 	2 	2 3 	2 2 	R 	+ 	- - 	H B H B H VII 
XP2 	7 	4 	1 1 	1 1 R + - - H 0 H 0 Chr2 V 
XP3 	7 	4 	1 3 	1 nit 	R 	+ 	- - 	nit nit D nit nit II 
XP4 	72231 1 R + - - 	H 0 H DChr2 IX 
XP5 	7 	4 	2 1 	1 1 	R 	+ 	- - B B H H Chr4 VI 
XP6 	7 	4 	2 1 	2 2 R + - - 	nit B nit nit H I 
XP7 	7 	2 	1 1 	2 2 	R 	+ 	- - 	nit B nit B Chr4 XI 
XP8 	7 	4 	2 3 	1 nit 	R + - - H B 0 nit nit IV 
XP9 	7 	2 	1 1 	2 2 R 	+ 	- - 	H n/t B D Chr4 XI 
Table 5.1. Characterisation of parent and progeny clones 
derived from cross (see section 5.1). n/t Indicates that 
these characters were not tested in this culture. H is an 
HB3 character, D is a 3D7 character. Pyr is the response 
to 	pyrimethamine, S sensitive, R 	resistant. The 
results of these drug tests were calculated by Ms Morag 
Buchan. 	CSP 	are the 	results of 	restriction length 
polymorphisms for the Circumsporozoite gene.. Rib are the 
results of analysis on 	the 	Ribosomal genes. PEG are 
results of pulsed field gradient gels; karyotypes were 
either 	HB3 	(H), 307 (D) 	or they 	may contain new 
chromosomes, either chromosome 2 (Chr2) 	or chromosome 4 
(Chr4) - 
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erythrocytes and cloned by dilution. 
Three groups of clones were made; clones X1-14 
inclusive were obtained by dilution of the uncloned 
progeny (X) on days 42 and 45 after infection of the 
chimpanzee. Clones XP1-XP1O inclusive were made from 
cultures of X which had survived treatment with 
pyrimethamine, and were thus classified as resistant to 
this drug. These two groups of clones were established by 
Walliker et al (1987). A third group of clones was 
obtained in the present study by dilution of X on days 38 
and 41 after infection of the chimpanzee.. These cultures 
were designated X15-X39 inclusive (see Figure 5.1). Some 
of the cultures obtained by dilution are expected to be 
derived from more than one parasite and are thus not pure 
clones. Such cultures can be identified by their 
possession of two forms of one or more of the parent 
markers (see Discussion section 5.3.1). 
Each progeny clone was examined for the markers 
which distinguished the parent lines. The two parent 
clones 3D7A and HB3A were transmitted through mosquitoes 
separately, as controls, at the same time as the cross, 
and examined in the same way. The control lines after 
transmission were denoted 3D7B and HB3B. 
5.2 RESULTS.. 
To establish cultures XiS to X39, the X mixture was 
diluted to 0.5 parasites/ 0.1 ml. Two methods of 
cultivation were then used (as described in section 2): 
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Figure 5.2. The two parents of the cross 3D7 and HB3 were 
analysed by 2D-PAGE (section 5.2). 7 Polymorphic protein 
differences were seen: A, C, D, G, H, K and P (see Figure 
3.1 for details). 
TABLE 5.2 
CLONING 	 48 HOUR 	 7DAY/3DAY 
NUMBER OF POSITIVE WELLS 
OUT OF TWENTY WELLS. 
1 	 20 	 20 
2 	 5 	 13 
3 	 4 	 5 
Table 5.2. Parasites were cloned as described in material 
and methods section 2.4. Three cloning experiments were 
carried out, using two culture methods. Two microtitre 
plates were set up with the same dilution mix. In one the 
culture medium was changed every 48 hours. In the second 
the culture medium was changed on day 7, when new blood 
cells were added. The medium was then changed 3 days 
later. These results represent the number of wells found 
to contain parasites. 
TABLE 5.3 
2D-PAGE 	 McAb 
Geno C 0 6 K P ADA PYR 7.3 9.2 12.3 HRPII HRPIII 	CSP RIB FF6 	CLONE 
type 	 195kD 	43kD 
.)U! J S Q 	 • & ,J U U U U Il 
131,136,137 
HB3 742122 R + 	- - 	H H H H H 
1 342111 F + 	- H 0 D DChr4 12 
11 7 4 1 3 	1 1 R + - - 	H 0 H 0 Chr2 X11,XP3 
III 7 4 2 3 	2 2 R - 	+ - 0 0 H H H 16 1 135 
IV 7 4 2 3 	1 1 F + - - 	H 0 0 nit nit X12,XP8 
V 7 4 1 1 	1 1 F F 	- - H 0 H 0 Chr2 X5,XP2 
VI 7 4 2 1 	1 1 R + - - 	B 0 H H Chr4 XP5 
VII 722322 F F 	- - H 0 H D H IN 
VIII 7 2 1 3 	2 2 F + - - 	nit 0 nit nit H 14 
IX 722311 F 4 	- - H B H DChr2 XP4 
1 7 4 2 1 	2 2 R + - - 	nit 0 nit n/t H XP6 
XI 7 2 1 1 	2 2 R + 	- - H 0 0 B Chr4 XP7,XP9 
XII 7 4 2 3 	2 2 nit + - - 	nit nit nit nit nit 113 
XIII 3 2 1 1 	2 2 S f 	- + nit nit nit nit nit 130 
XIV 3 2 1 3 	7 2 F + - + 	n/t nit nit nit n/t 133 
XV 7 2 2 1 	1 1 F - 	+ - nit n/t n/t nit nit 134 
XVI 7 4 2 1 	2 2 S + - - 	nit nit nit nit nit 110 
Table 5.3 	Classification of progeny clones into 16 
genotypes (section 5.2). (n/t) Represents a character 
which was not tested. Other characters have been 
described in Table 5.1. 
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1), or after 7 days (method 2). The results for the two 
methods are compared in Table 5.2. There was little 
difference between the two methods in the production of 
positive cultures. 
Table 5.1 gives the results of the characterisation 
of the progeny clones for all the markers distinguishing 
the parent clones. Results for the 2D-PAGE proteins were 
obtained in the present study, the two proteins A and H 
were not used as they were not present on all gels. 
Figure 5.2 illustrates 2D gels of HB3A and 3D7A. Results 
for the enzyme ADA, pyrimethamine-sensitivity, antigens 
recognised by monoclonal antibodies 7.3, 9.2 and 12.3, 
and chromosomes detected by PFGE are those reported by 
Walliker et al (1987) for X1-14 and XP1-10. The results 
for histidine- rich proteins are those of Wellems et al 
(1987), and for the circumsporozoite antigen gene and the 
ribosomal RNA gene markers, those of Vernick and 
McCutcheon (pers. comm. 1987). 16 distinct types of 
progeny clones exhibiting recombination between parent 
clone markers were obtained. These are shown in Table 
a- -r 
SJ • 	 - 
5.3 DISCUSSION 
53. 1 CLONING OF PROGENY. 
In cloning parasites by 	dilution 	there 	are 
theoretical limitations to the number of pure clones that 
can be obtained. When a dilution of 0.5 parasites is 
used, it can be predicted from a Poisson distribution 
69 
that 39% of cultures set up should become positive, the 
remainder contained no parasitised cells at the start. 
77% of the positive cultures can be predicted to be 
derived from a single asexual parasite. The other 
cultures will be derived either from more than one 
parasitised red blood cell, or from a multiply infected 
red blood cell. 
In the first cloning carried out in this study, 
those set up on day 34, produced 40 positive cultures out 
of 40 set up; thus few of these were likely to be clones, 
and were not studied further. Cloning experiments on day 
38 resulted in 18 positive cultures out of 40 set up. Two 
cultures From this experiment, X15 and X16, have been 
typed as clones. Five other cultures; X17, X1B, X19, X20, 
X32 are derived from more than one parasite as they 
contain two forms of at least one marker. The remaining 
cultures from this attempt at cloning have not been 
studied further. The final cloning on day 40 produced 9 
positive cultures out of 40. 8 of these clones have been 
typed and they contain only single forms of each marker. 
Thus this cloning was the most successful of the three 
attempts 
Of the total of 33 positive cultures established 
(Figure 5.1) it was concluded that seven of the progeny 
cultures were mixed as they contained a mixture of some 
parental markers. 
5.3.2 GENETIC ANALYSIS OF THE PROGENY. 
Walliker et al (1987) demonstrated that among 12 
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progeny clones of the P..falciparua cross the respective 
variant forms of the enzyme ADA and the antigens 
recognised by McAbs 7.3, 9.2 (PSA) and 12.3 (40kD), could 
segregate independently and undergo reassortment. It was 
considered that the three characters were the products of 
three different genes, which exhibited allelic variants 
in each parent, and which could undergo recombination 
during the cross. 
The results obtained by analysing all the progeny 
by 2D indicated that proteins C, D, 6, K and P are also 
encoded by alleles of different genes. Each 	locus 
exhibits independent assortment. 	These observations 
suggest that the variable protein groups are different 
gene products and that none o-F them formed 
precursor-product relationships. 
The above observations are in agreement with the 
results obtained for C, D, 6 and P by peptide digest 
studies (section 4). For the different forms of proteins 
A and K it was not possible to conclude that the 
different forms were alleles from their digest patterns 
as they differed markedly from each other The genetic 
analysis however, has shown that different forms of A and 
of K are alleles of each protein and the two loci exhibit 
independent assortment. 
With regard to other markers studied in the cross, 
and their possible relationship to the 2D marker 
proteins, it can be seen (Table .3) that protein C, 
pyrimethamine resistance and the 190kD and 43kD, antigens 
did not show typical segregation but show instead a 
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predominance of HB3 types. This increase in the number of 
HB3 markers could be accounted for by co-selection 0E 
these characters with pyrimethamine resistance. 
Pyrimethamine was used to select the XP progeny (Fic 
5.1). The alleles of C, the antigens, and pyrimethamin 
resistance could be linked as the progeny €r-
predominantly of the H83 type. 
Two sets of markers exhibited no recombination-,  
the 2D protein P and the enzyme ADA, and the 2D protein C 
and the 40kD 12.3 antigen. It has now been demonstrated 
that the protein P and the isoenzyme ADA are the same 
molecule (see section 7) . The relationship between 12.3 
antigen and protein C is not known; the two proteins have 
different properties, and the lack of segregation may be 
due to close linkage. 
All other markers were inherited in a manner which 
suggested they were unlinked. 
Studies on chromosome variation detected by PFGE 
have shown that a number of chromosomes of non-parental 
size are generated in 6 progeny clones (Walliker et al, 
1987) . The parasite clones which contain these new 
chromosomes have also been shown to have new phenotypes, 
particularly by the 2D markers. However some clones 
exhibiting recombinant phenotypes do not possess any 
detectable alterations to chromosomes. It has also been 
found that new sized chromosomes can arise during the 
cofltinL(OUS culturing of asexual stages (section 6, and D. 
Walliker pers. comm.). The results of restriction mapping 
has now shown that a novel sized chromosome u4 
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produced by crossing over of 	the two parental 
chromosomes, which differed in size (Sinnis and Wellems, 
1987) 
Using the PFGE technique and gene specific probes 
Wellems et al (1987) have shown that the genes For 
HRPII and III lie on different chromosomes. This was 
Found to be in agreement with the independent assortment 
of alleles of each gene in the cross progeny. As more 
genes are mapped using this technique it may become 
possible to correlate the results of genetic studies with 
physical mapping. 
As discussed by Wellems et al (1987) the HRPIII 
gene is absent from the H83 parent. Table 5.3 shows that 
all of the progeny clones examined so far for this marker 
possess HRPIII. The inheritance of HRPIII is difficult to 
explain in terms of simple Mendelian allelism, and 
clearly differs from that of the other markers. Wellems 
et al (1987) suggest that the HRPIII gene may be 
closely associated with a growth rate gene from 3D7; 
selection for fast growth in vitro would then allow 
co-selection of HRPIII from 3D7. However, it is also 
possible that the HB3 forms of 2D protein C, the antigens 
and pyrimethamine resistance are favoured, and could be 
linked to an HR3 growth gene. 
The number- of parental genotypes among the progeny 
a-f a cross between malaria parasites should be at least 
C)X, due to self fertilisation of gametes (Walliker, 
1983a).. The lOw numbers of parental progeny was an 
interesting feature of the cross.. Similar observations 
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have been made in some rodent malaria crosses (Walliker, 
pers. comm.). The apparent increase in recombinant 
progeny could be due to: (1) An outbreeding mechanism 
between gametes.. (2) Selection in favour of recombinants 
in the mosquito, or in the liver of the chimpanzee. (3) 
Selection of faster growing genotypes in culture. In the 
present study, it has been possible to show that 
explanation (3) was a factor in the apparent excess of 
recombinants. The clones X1-12 and XP1-13 obtained by 
Walliker et al (1987) were obtained on days 42-45 after 
infection of the chimpanzee (Figure 5.1). In the present 
work, clones X15-39 were obtained earlier on days 38 and 
41. Among these clones, more exhibiting markers of the 
3D7 parent line were obtained than among those of 
Walliker et al. Thus, the proportion of the different 
genotypes among the uncloned progeny vary during culture. 
This finding is similar to that obtained with the T9 
culture maintained over several weeks of culture (section 
3). 
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6 	2D-PAGE AND MEFLOQUINE RESISTANCE 
6.1 INTRODUCTION 
Mefloquine is a new anti-malarial drug, which has 
not been put into large scale use, yet resistance to the 
drug in some isolates has already been reported (Boudreau 
et al, 1982, Bygbierg et a!, 1983, Hoffman et al, 
1985). In this section two types of mefloquine resistant 
forms of Pfalciparuia are examined by 2D-PAGE.. 
In the first study, mefloquine-resistant forms were 
obtained from a patient 	suffering 	a 	recrudescent 
infection after mefloquine treatment. The work was 
carried out in conjunction with Dr Sodsri Thaithong and 
Ms Chutaphant Pinswasdi (Chulalongkorn University, 
Bangkok, Thailand). 
In the second study, 2D-PAGE was used to examine 
mefloquine resistant parasites derived from a sensitive 
clone in the laboratory by selection with the drug.. The 
selection of these parasites was carried out as described 
in Wellems et a! (1987b). 
6.2 RESULTS 
6.2.1 MEFLOQUINE-RESISTANT PARASITES DERIVED FROM A 
PATIENT. 
This work was carried out on a P.falciparuR 
isolate denoted CH150. The parasites were obtained from a 
patient both before and after a single treatment with ig 
of mefloquine. Parasites obtained before treatment were 
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Figure 6.1. Fluorograms of two of clones of the CH150 and 
CH150R cultures. The clone CH1506 was mixed with T9 clone 
96 and CH150R4 with T9 clone 94 for more accurate 
identification, two variants can be seen at D, 6, K, L 
and N at least one of the two mixtures. The new variant 
C6 was seen in these experiments for the first time 
TABLE 6.1 
VARIANT PROTEIN 
A 	C 	0 	E 	F 	6 	1 	K 	L 	N 	N 	P 	GPI 	NEF(NoI) 
CH 150-1, 5 ,6 4 	2 2 	1 2 	1 	2 	4 	2 	1 	1 1 	2 	3x10° 
CH 150-3,10 4 	2 2 - 	 2 	1 	- 	- 	 - 	 - 	 1 - 	 1 	3x10-6 
CH 150-47,9 4 	5 6 - 	 2 	2 	- 	4 	- 	- 	 1 - 	 I 	3x10 
CH 150-8 4 	5 2 	1 2 	1 	2 	4 	2 	1 	I 1 2 	3x10 -8 
CHI5OR 	4 	6 	2 	1 	2 	1 	2 	5 	1 	1 	2 	1 	1 	1x10 
CH15OR-2,4,4 	62 1 21251121 1 	1x10 
6,7 
CH 150R-3,5 	4 	2 	2 	- 	1 	- 	- 	- 	- 	- 	I 	- 	1 	1x10 7 
Table 6.1 The analysis of the pre and post-recrudescent 
clones of CH150.. The results include those of Ms 
Chutaphant Pinsasdi, Chulalongkorn University, Bangkok.. 
(-) Indicates that the results were not obtained.. 
TABLE 6.2 
CH150- 	 CH150R- 
1,5,6 3,10 4,7,9 	8 2,4,6,7 3,5 
1,5,6 	- 	1 	4 	1 	5 	2 
CH150 3,10 - 3 2 2 1 
4,7,9 	 - 	3 	5 	3 
8 	 Av2.3 	 - 5 3 Av4.25 
CH150R 2,4,6,7 	 - 	3 
3,5 	 - Av=3 
Table 6.2. Pairwise comparison of CH150 clones. Averages 
are given for comparisons of CH150, CH150 v CH150R and CH 
150R clones. The method of calculation is as described in 
section 3.2.5). 
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deep frozen and denoted CH150. Those obtained from the 
patient 21 days after treatment were denoted CH150R. in 
vitro tests showed that these parasites were resistant 
to the action of mefloquine in comparison to those of 
CH150. CH150 and CH150R were removed from the deep freeze 
at a later date and cloned.. Each clone obtained was 
analysed for 2D markers.. 
2D-PAGE examination of the clones showed that four 
genotypes were present before recrudescence, and two 
different genotypes after recrudescence (Table 6.1). 
Figure 6.1 illustrates 2D gels of two of the clones, 
CH150-6 and CH150R-4. Mixtures of the clones with equal 
ammounts of T9-96 or 19-94 were made. The T9 clones acted 
as standards allowing exact identification of variant 
spots in the CH150 clones. CH150R-4 differed from CH150-6 
by four proteins; C, K, L and N. Variant C6 was a form of 
C which was observed only in the mefloquine resistant 
clones and not in other isolates of P..falciparum. 
Table 6.2 shows the results of pairwise comparisons 
for all of the CH150 and CH150R clones (see section 3 for 
method). The CH150 genotypes differed from each other by 
an average of 2.3 markers, and the CH150R genotypes by 3 
markers. The CH150 clones differed from those of CH150R 
by an average of 4.25 markers. 
6.2.2 MEFLOQUINE RESISTANT PARASITES PRODUCED IN THE 
LABORATORY. 
This work was carried out with a clone of 
P.falciparuR denoted W282. This clone was obtained by 
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Figure 6.2 The two clones Indochina III and SL were mixed 
together, and re-cloned. tiefloquine pressure was applied 
to the W2 culture, low concentrations of mefloquine were 
increased to higher concentrations (see Wellems et al, 
1987).. 
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Figure 6.3. Fluorograrns of 2D 	gels 	of 	the 	mefloquine 
induced resistance experiment. The variants 	of 	interest 
have been indicated, D6 was included as a control. Points 
to note are the different position of spot 	X, 	indicated 
by WX in W2'82 gel, and WMX in the W2MEF gel. Spots a, 	b 
and c have been included as a comparison. Also 	note 	the 
apparent loss of spot S in W2MEF.. 
TABLE 63 
CULTURE 	 VARIANT 	PROTEIN 	 MEFLOQUINE 
(ng/ml) 
CD E F 61K L MN PS X 
W282 2 2 2 1 1 1 2 2 1 1 1 + 	1 	4.3+1-0.5 
W286 2 2 2 1 1 1 2 2 1 1 1 + 	1 
W2MCII ------------- 12.3+1-0.6 
W2MEF 2 2 2 1 1 1 2 2 1 1 1 - 	2 	18.5 +1- 1.1 
D6 344 1 2131 122 + 	1 
Table 63. The 2D analysis of the W2 parasites. The 
letters indicate the variants described in section 3. D6 
is a control line from Sierra Leone, included for 
purposes of comparison. 
76 
Dr A. Oduola, N.I.H., Washington, by micromanipulation of 
a single parasitised cell from a mixture of two isolates 
denoted Indochina III and SL (see Figure 6.2). The GPI 
type and monoclonal antibody 5.1 reactivity of W2'82 were 
the same as those of Indochina III. Mefloquine selection 
was applied to W2'82. W2MCII was obtained after 12 months 
of mefloquine pressure, and was slightly resistant to the 
drug (MIC 12.3 +1- 0.6 ng/ml). Further selection with 
higher concentrations of mefloquine for a further 6 
months gave rise to a more resistant line, denoted W2MEF 
(MIC 18.5 +1- 1.1 ng/tnl). W282 was continuously passaged 
in the absence of drug for four years to give the line 
W286. An independently obtained me-Floquine resistant 
line, D6, was also included as a control. This was 
passaged at the same time as the mefloquine resistant W2 
cultures were being selected. 
Figure 6.3 shows the 2D patterns of some of the 
cultures examined. W282 and W2I1e'f are shown in panels a 
and b. For these experiments the cultures were labelled 
with H histidine (section 7 ).. The 2D marker proteins 
were found to be the same in both cultures. The 
independent culture D6 was included in the comparison 
(Figure 6.3 c and d). 
The results of the 2D analysis on the cultures 
derived from W282 and the D6 culture are given in Table 
6.3. It was found that W2'82,W286 and W2MEF contained 
the same 2D marker proteins. Clone D6 differed by 8 2D 
markers. This provides conclusive evidence that W2 mef 
and W286 were genuinely derived from the clone W282, 
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and not by contamination with D6. 
Some proteins other than 2D markers appeared to be 
different between W282 and W2MEF. Spot "5" was 
consistently missing in gels of W2MEF examined.. Spot X 
was found to have changed position in W2MF. Figure 6.3 
shows the spot X of W282, designated WX; the photograph 
of W2 MEF shows a spot at a slightly different position, 
indicated as WMX. A longer exposure showed that there was 
a small spot in W2MEF pattern corresponding to the WX 
spot. 
No protein in the 2D pattern appeared to have 
increased in abundance, a result which would have been 
suggestive of overproduction of an enzyme. 
Figure 6.3, panel c and d, show the D6 culture 
alone and also mixed with W2MEF. The spot X appeared to 
be present in the same position in D6 as in W2'82. 
6.3 DISCUSSION.. 
6.3.1 MEFLOQUINE RESISTANCE IN NATURAL POPULATIONS. 
When the work on mefloquine resistance was taking 
place (1983) the drug had been used only in field trials. 
The patient from which the CH150 cultures were obtained 
was in hospital, isolated from any possibility of 
reinfection. The resistant parasites could thus have 
originated only from the pre-recrudescent population in 
the patient. 
• 	There 	are 	two 	possibile 	reasons 	for 	the 
recrudescence 	after 	mefloquine 	treatment. 	(1) 	A 
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spontaneous mutation conferring me-floquine resistance 
occurred during treatment with mefloquine. (2) Some of 
the existing parasites were already naturally resistant 
before treatment, and these were then selected by the 
drug. 
If a mutation event giving rise to mefloquine 
resistance had occurred, it would be expected to have 
happened only once. The recrudescent population should 
therefore be homogeneous and would be likely to consist 
of a single genotype which was in a large proportion 
prior to treatment. 
According to the second hypothesis, a heterogeneous 
population could be expected, which need not necessarily 
be of the same genotypes as the pre-recrudescent 
population. 
The results support the second hypothesis. It seems 
clear that mefloquine resistant parasites were present 
before drug treatment started. The genotypes were not 
detected in CH150 before the start of treatment, 
suggesting that they were a small proportion of the total 
parasites 	present. 	The 	different 	types 	of 
mefloquine-resistant parasites in the same patient have 
most probably arisen following genetic recombination in 
the 	mosquito 	vector. 	Spontaneously 	occurring 
mefloquine-resistant mutants are probably rare in the 
parasite population, but co-exist with parasites of 
various genotypes in a hosts blood. When mosquitoes take 
in gametocytes of such 	a 	mixture of 	parasites, 
cross-fertilisation results 	in 	the 	production 	of 
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recombinants at a high frequency, following meiosis of 
hybrid zygotes (section Z). Thus, the genes concerned in 
mefloquine-resistance would segregate into parasites with 
diverse genetic backgrounds. Pairwise comparisons support 
this hypothesis as the recrudescent parasites share more 
2D markers with each other than with the prerecrudescent 
parasites. 
This result has important implications concerning 
the speed with which parasites might become resistant to 
me-floquine in areas where the drug has not been used. 
6.3.2 MEFLOQUINE RESISTANCE PRODUCED IN THE LABORATORY. 
Wellems et al (1987b) have found chromosomal 
changes associated with the selection of me-f loquine 
resistance in the W2 parasite lines using the technique 
of pulsed field gradient gel electrophoresis (PFGE). PFGE 
patterns for W282 and W2MEF showed that three 
chromosomes differed in migration rate; two had decreased 
sizes and one had increased in size in W2MEF. It was also 
found that the PFGE pattern of W2'82 differed from that 
of W284, with a new chromosome band appearing in W2'86. 
Clone D6 showed many differences in PFGE pattern when 
compared to W2'82, 86 and MEF. 
Regions of repetitive (rep) DNA were also found to 
have changed in the different lines. DNA was cleaved with 
the restriction enzyme BstNI. A rep DNA probe was then 
hybridised to cleaved DNA. Using this technique, Wellems 
et al (1987b) found that the D6 pattern was very 
different from all W2'82, W286 	and 	W2MEF. 	Less 
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differences occurred between the cultures derived from 
W282.. When W282 and W2'86 were compared there were some 
differences.. W2MEF showed more differences when compared 
to W282. These observations suggested that large 
rearrangements in the structure of parasite DNA had taken 
place during culturing of both W2MEF and W286 lines.. 
In further work by Wellems et al (1987b), DNA of 
W282, W286, W2MEF and D6 cultures was digested by 
restriction enzymes probed with either histidine rich 
protein (HRP) gene II or HRP gene III. Results show that 
the D6 culture had different sized fragments for both HRP 
genes.. The other cultures contained fragments which were 
identical in size, except W2MEF which no longer contained 
a gene for HRPII. 
These studies on parasite DNA suggested that 
considerable changes had occurred in the genome during the 
mefloquine selection.. However, changes also seemed to 
occur in DNA of routinely passaged, unselected W286. 
Because this control line also contained changes in DNA 
structure, it was not possible to determine which DNA 
changes had been responsible for the development of 
mefloquine resistance. 
2D PAGE showed that changes in DNA structure of the 
parasite clones were not associated with any major 
changes in the proteins. The W282, W2'86, and W2MEF, 
appear to have arisen from the same genetic background as 
2D markers in these lines are identical. The D6 line 
differed at 8 out of 11 2D markers, as well as for the 
GPI enzyme and the 5.1 antigen suggesting, as expected, a 
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completely different origin. 
Two protein alterations were found in W2MEF. A 
protein "S"present in W2 was absent from W2MEF. This 
could be due to the deletion of the gene or the 
inactivation of the transcription process. In 	this 
parasite the gene for HRPII is deleted. These two 
proteins are not the same, as "9" is labelled with 	S 
methionine, while HRPII is not (the apparent position of 
HRP II is given in section 7). 
A second gene product "X" appeared to be altered in 
the resistant line. Walker (1985) found no variation in 
spot X in the isolates which she examined. The different 
positions of spot X seen in the present study could be 
due to an altered gene product in W2MEF. Only part of the 
W2MEF population contains WMX, while a minority contains 
WX. The altered position could also be due to post 
translational modification, with the new spot WMX being 
derived from a precursor, X. This change in spot X could 
be associated with mefloquine resistance. However it 
could also be due to other changes during the selection 
of W2MEF. 
Little is known of the mechanisms 	of 	drug 
resistance to drugs such as mefloquine.. The phenomenon of 
drug-resistance in parasitic protozoa has 	been 
comparatively little studied, with the exception of 
resistance to anti-folate 	drugs. 	In 	Leishania, 
resistance to methotrexate has been shown to be due to 
amplification of the dihydrofolate redutase gene 
(Coderre et al , 1993). In 	Plasmodium 	however, 
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resistance to the antifolate pyrimethamine is associated 
with a structural alteration in 	the dihydrofolate 
reductase molecule, consistent with a 	single gene 
mutation (Walliker et aJ, 1973, Sirawaraporn 	and 
Yuthavong, 1984, Walter, 1986). 
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7 	IDENTIFICATION OF PROTEINS IN 2D GELS. 
7.1 INTRODUCTION.. 
One of the aims of this work was to characterise 
proteins found on the two dimensional gels. To do this a 
variety of techniques were employed: (1) Direct 
correlation of a variant spot with a known protein. (2) 
The use of enzyme staining in a starch gel, and the 
subsequent removal of the area of enzyme activity for two 
dimensional analysis. (3) The use of antibody probes to 
identify the antigen directly by immunoblotting. 
7.2 IDENTIFICATION OF PROTEIN P AS ADENOSINE DEAMINASE 
(ADA). 
7.2.1 CORRELATION BETWEEN FORMS OF PROTEIN P AND 
ADA-TYPE - 
When the progeny of the P.falciparua cross were 
analysed, electrophoretic forms of the enzyme adenosine 
deaminase (ADA) invariably segregated with the same forms 
of protein P (section 5) suggesting that the two 
characters were products of the same gene, or of two 
closely linked genes. This correlation was investigated 
further by examining a wide variety of parasite isolates 
for ADA-type and forms of protein P. 
Table 7.1a illustates the ADA-types and protein P 
variants of the cross progeny discussed in section 5. No 
recombination was detected between the different forms of 
ADA (ADA1 and ADA2) and P (P1 and P2) which characterised 
TABLE 7.1 
SOURCE NUMBER OF CULTURES 	COMBINATIONS OF ADA AND P 
EXAMINED 	ADA1/P1 ADA1/P2 ADA2/P1 ADA2/P2 
 
HB3/3D7 	 19 	 10 	0 	0 	9 
CROSS 
ISOLATES 
FROM S..E..ASIA 20 	 15 	0 	0 	5 
ISOLATES 
FROM S..AMERICA 4 	 1 	0 	0 	3 
Table 7.1. Characterisation of the progeny of 	the 
P.falcipar&ii* cross and isolates of P.falciparur., for 
variants of ADA and protein P. Note the absence of 
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Figure 7.1 The results of removing ADA activity from 
starch gels. a) The 2D map (Figure 3.1), note the 
position of P1, bel ow centre. b) A fluorogram of the W2 
culture used 	for this work, note the position of P. C) 
A Coornassie stained gel containing 2 mg of unlabelled W2, 
and the 	S labelled band of ADA activity, note the 
position of the major spots, and P. d) The previous gel, 
exposed to X-ray film, the 	only major 	area of 
radio-activity was the 2D spot, P. 
d 
P - AA 
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the parent clones. Table 7.1b shows that there is also no 
recombination between the two characters in the parasite 
population. Isolates possessing protein P1 were 
invariably characterised by ADA1, and isolates with P2 
always possessed ADA2. 
7.2.2 2D GEL ANALYSIS OF ADA ACTIVITY. 
Parasite proteins from clone W2, characterised by 
ADA1, were examined for enzyme activity by starch gel 
electrophoresis. The region of the gel containing the ADA 
band was excised and subjected to 2D electrophoresis 
(section 2.7.2). The results are illustrated in Figure 7.1. 
Figure 7.1a illustrates the two dimensional map, as 
described previously in section 3. Variants of protein P 
are indicated as open spots just below the centre of the 
Figure, variant P1 being to the left of P2. Figure 7.1b 
is the 2D pattern of isolate W2 used for this work. The 
2D protein variant P1 is indicated. Figure 7..1c is a 
Coomassie stained gel of W2 proteins and the S 
labelled band of ADA1 activity from the starch gel. In 
this illustration 15 prominent 2D spots can be seen, one 
being protein P. Fig 7.1d shows a fluorograph of the gel. 
The only source of radioactivity was from the labelled 
ADA extract run on the starch gel. When the two patterns 
were superimposed the spot P was the most intensely 
labelled polypeptide present. 
7.23 DISCUSSION 
From the information gained by 	the 2D-PAGE 
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technique it appears that the enzyme ADA, is a single 
sub-unit enzyme with an Mr of 36.4kD; the p1's of the 
alternative forms are 3.8 (P1) and 5.9 (P2). Genetic 
polymorphism in P_falciparuw, appears to be restricted 
to two alleles (Sanderson et al, 1981), although it is 
not excluded that other infrequently occurring alleles 
are present in the parasite population. 
The P.falciparun enzyme ADA is known to have a 
sedimentation coefficient 	of 	3..7 	+1- 	0.1 	which 
corresponds to a molecular weight of ca 36kD (Daddona 
et al, 1983).. This is in close agreement with the value 
of 36..4kD determined for the corresponding 2D spot 
(Walker, 1985). The p1 of P.falciparun 	ADA 	was 
estimated to be 4.5 by Daddona et al (1983), compared 
to 5.8 or 5.9 as determined in this study; 	this 
difference is probably due to the denaturating conditions 
used for 2D electrophoresis. 
ADA is an enzyme in the parasite purine salvage 
pathway (Sherman, 1979). ADA activity increases by 2-fold 
in a parasitised cell, suggesting that the enzyme plays 
an important part in supplying hypoxanthine for nucleic 
acid synthesis by the parasite. (Daddona et al, 1983). 
2D analysis of the labelled peptide has established that 
it is present throughout the asexual cycle in constant 
abundance (Walker, 1985, Fenton unpublished observation). 
The radioactive labelling of the enzyme also 
demonstrates unequivocally that it is synthesised by the 
parasite, and that ADA activity is not derived from any 











Figure 7.5. The results of itnmunoprecipitations with 
antibodies 2.22 and 12.8. The 12.8 antibody recognises 
the PSA This precipitated the 2D proteins A, H and K. 
Other proteins were also precipitated but these also 
appeared in the control precipitate 0+ 2.22, and are due 
to non-specific binding (see section 7.2.4.6). 
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Daddona et a) (1983) found that the parasite 
enzyme did not cross react immunologically with the human 
enzyme. Parasite and host ADAs reacted differently when 
exposed 	to 	the 	anti-human 	ADA 	compound 
erythro-9-(2-hydroxy-3-nonyl) adenine. Both of these 
observations suggested a difference in structure between 
parasite and host enzymes. It may be possible to exploit 
such differences, to devise drugs which inhibit only 
parasite enzyme and not that of the host. 
7.3 THE PSA ANTIGEN. 
7.3.1 IDENTIFICATION OF PSA USING MONOCLONAL ANTIBODY 
12.8. 
12.8 is one of a group of monoclonal antibodies 
which recognise different epitopes on a major polymorphic 
protein of schizont/merozoite stages. This 	antigen, 
denoted here as PSA after McBride et a), (1985), is 
also known as P190, gp195 or PMMSA by other groups. McAbs 
recognising 	this 	protein 	form 	a 	characteristic 
"raspberry" like pattern in IFA tests (McBride €t a), 
1985). 2D gel runs were carried out 	using 
metabolically labelled parasites of clone T9-94, which 
had been used for immunoprecipitation with 12.8. Control 
gels were run using McAb 2.22 which recognises a 
different antigen. 12.8 recognised the protein A, and the 
proteins H and K. Other proteins were present in both 
gels, these were bound non-specifically to the antibody 
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Figure 7.6. The results of the pulse chase experiment. 
The first four gels of the period immediately after chase 
are included. The times they were taken are indicated in 
the top left corners. The protein K was being synthesised 
prior to the period of chase, and reaches a peak three 
hours later. The protein A does not appear to be labelled 
untill 12 hours after chase This result suggests that 
the protein K is not a breakdown product of A (see 
section 7.2.5). 
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epitopes on a protein the presence of more than one 
variable protein in an immunoprecipitate was unexpected. 
It is possible that the smaller proteins derive From 
breakdown products of the larger protein. To investigate 
this possibility pulse chase experiments were carried 
out. 
7.3.2 PULSE CHASE. 
A culture was synchronised as described in section 
2.3.1 and 2.3.2. By the end of the 6 hour labelling 
period trophozoites had started to mature into schizonts 
Figure 7.6 shows the first 4 2D gels from the pulse chase 
experiment. It was apparent from the gels that protein K 
was being synthesised during the labelling period. The 
am ounts of this protein peaked and then faded after 6 
hours of chase. The protein A was not labelled until 12 
hours of chase. It is possible that the label for this to 
be acomplished had come from the turnover of the parasite 
protein pool. A similar result was found with the gels 
which lacked the protease inhibitor PMSF. The a mount of 
each protein in the gels that had no PMSF was reduced 
when compared to the gels with PMSF. The PMSF did not 
prevent the formation of K, but did stop non-specific 
degradation of proteins during the gel runs. 
73.3 DISCUSSION 
Walker 	(1985) 	compared 	the electrophoretic 
characterisation of the protein A with the serotypes of 
PSA. Parasites with serotype I all possessed 2D variant 
Be 
A4, providing preliminary evidence that the two proteins 
were the same. 
She also observed an apparent relationship between 
the different forms of proteins H and K; Parasites 
characterised by Hi possessed Ki or K4 but not K2, K3, 
KS, K6 or K7. A strain with H2 possessed K2 but not Ki, 
K3, K4, KS, K6 or K7 etc.. Walker (1985), concluded that 
the two polypeptides represented a precursor-product 
relationship. H and 1< appeared to be the products of one 
genetic locus. This hypothesis has not been explored 
further in this study. H was not investigated in detail 
in this work, because it appeared to lack methionine, and 
was thus difficult to visualise using the methods 
employed here. 
Two monoclonal antibodies (2.2 and 7.3) were used 
by Dr R. Hall (Molecular Biology, Edinburgh University) 
to purify radioactively labelled PSA antigen. Purified 
protein was run on two dimensional gels (Walker, 1985). A 
number of major and minor proteins were found in these 
preparation. Three of the proteins were identified, as A, 
H and K. The experimenters concluded that the P190 
antigen was the 2D protein A Most other proteins 
precipitated could be correlated to breakdown products of 
the 190 protein, described elsewhere (Holder and Freeman, 
1982, Hall et al, 1984b, Holder et al, 1985, Heidrich 
et al, 1983). The proteins H and K at Mrs of 60kD and 
3OkD did not correlate with any known processing product 
(Walker, 1985). 
In other work 	by 	McBride 	et 	al 	(1985) 
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immunoprecipitated polymorphic schizont 	antigen 	was 
prepared using monoclonal antibodies 89.1, 9.8, 12.4, 
7.5, 6.1, 7. 3, 7.6, 9.2, 9.7, 10.3, 9.5, 12.2, and 12.1. 
Precipitates were then run on an SDS-PAGE gel. A major 
high molecular weight band and a number of bands at lower 
molecular weights were found. Most of these bands 
corresponded to processing products of the major high 
molecular weight protein. 
One small polypeptide of 3OkD was not always 
precipitated. This protein was thought not be a breakdown 
product of PSA. The variation in Mr of the small 
polypeptide between two strains (32kD in T9-94, 33kD in 
T9-96) was approximately the same difference in Mr shown 
by 2D protein K in the same strains (274kD in T9-94, 
27.8kD in T9-96). 
The results of precipitation with 12.8 described in 
this study are in agreement with the previous finding 
that these antibodies recognise PSA and that protein K 
and H are co-precipitated with PSA. 
Both Walker (1985) and McBride et al (1985) 
speculate that the small proteins found in precipitates 
with the PSA were not derived from the polymorphic 
schizont antigen. No evidence was found in either study 
which could substantiate this theory. To examine the 
relationship that exists between the proteins A H and K, 
the results of the following experiments are of note. 
(1) Pulse chase. 
The results of the pulse chase experiment clearly 
TABLE 7.2 
GENOTYPES 
PARENTAL RECOMB. 	RECOMB. 	PARENTAL. 
HB3P190/K1 HB3P190/K3 3D7P190/K1 3D7P190/K3 	 TOTAL 
7 	 7 	 1 	 1 	 16 
Table 7.2.. The analysis of the progeny of a 	P. 
falciparum cross for the P190 antigen types, and the 2D 
protein K types (extracted from Table 5.3). Note that 
recombinants between the two molecules occur, thus 
proving that they are not products of the same genetic 
locus (see section 7.5. ) - 
show that the small protein K is synthesised in late 
trophozoite stages. The protein A is synthesised slightly 
later in immature schizonts. Such an observation rules 
out the possibility of K being a breakdown product of A. 
The Analysis of a Cross. 
Table 7.2 shows that the two clones used in the 
cross, HB3 and 3D7, differed f or the PSA antigen (21) 
protein A), and the 2D protein K. 7 clones contain the 
P190 from one parent and the K from the other parent 
(Table 7.1). The result was consistent with the two 
proteins being products of two different genes, and not 
modifications of the same gene product. 
Peptide Digestion. 
If two proteins are related to each other in any 
precursor-product relationship then the fragmentation 
pattern of the smaller protein should be present in the 
pattern of the larger protein. The results shown in 
Figure 4.4 for the proteins A4 and 1<5 in strain 1<1 and A4 
and 1<6 in clone 94 illustrate a number of points: (1) The 
fragmentation patterns of A from both cultures is the 
same. (2) The fragmentation pattern of K is different. 
(3) There is no relationship between the pattern of K and 
the pattern of A in either case. It can be concluded, 
therefore that the protein K is not related in structure 
to A, and thus that it is not encoded by the same gene. 
As the products of two distinct genetic 	loci 
appear to be recognised by the same monoclonal antibodies 
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it is worth considering the possible reasons for this: 1) 
A cross reacting epitope exists on two different 
proteins. 2) Non-specific binding to the McAbs is 
involved, or 3)  there is a specific association between 
the molecules. 
Cross reaction between proteins of 	asexual 
parasites and sporozoites has been documented for the 
monoclona]. antibody 5.1. This cross reaction was found to 
occur because two different proteins shared a short 
sequence of amino-acids (Hope et al, 1984 and 1985). 
As pulse chase studies indicate that K is 
synthesised before A, a cross reacting epitope would be 
expected to precipitate the small proteins (H and K) 
without A. However, this has never been observed. Non 
specific binding would also be expected to result in 
occasional precipitation of K and/or H alone. 
The most likely explanation based on the evidence 
presented in this study is that there is an interaction 
between these molecules which results in co-precipitation 
of all three. 
Recent work by McBride and Heidrich (1987) has 
shown that a protein complex exists on the surface of 
merozoites. The complex is held together by non-covalent 
linkages. The proteins involved appear to consist of the 
breakdown products of the major surface antigen (A) , and 
other small proteins, which are products of different 
genes. The Mr's of the small proteins detected by these 
workers are close to those of H and K. A combination of 
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the techniques used by McBride and Heidrich (1987) and 2D 
could resolve the identity of the small proteins. 
The PSA or 2D protein A, forms a series of distinct 
serotypes (McBride et al, 1985), and is strongly 
recognised by immune sera.. The protein is on the surface 
of merozoites (McBride and Heidrich, 1987). It 	is 
possible that because of this location immunologically 
distinct molecules have evolved. The DNA sequence of 
different serotypes of this molecule show that some 
regions of the gene contain many amino-acid differences 
(Ozaki et al, 1983, Schwartz et al, 1986, Tanabe et 
al, 1987). Using the criteria outlined in section 1.4.3 
the different sequences were identified as alleles. This 
allelism has been confirmed by Walliker et al (1987) 
using genetic analysis. 
2D proteins H and K, appear to be associated with 
this protein. These proteins are also recognised by 
immune human sera (Walker 1985, Fenton unpublished 
observation). Protein K shows a similar divergence of 
amino acid sequence, detected by peptide digestion 
(sectionk ). Despite this divergence the different fvcms 
are encoded by alleles. Such divergence in amino-acid 
sequence between alleles of K is probably due to 
selection by the host immune system as found with A or 
PSA.. The presence of this protein in immunoprecipitates 
of PSA makes it likely that the experiment conducted by 
Hall et al (1984a) using affinity purified PSA used a 
mixture of at least two distinct gene products to 
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Figure 	7.4. 	The 	identification 	of 	protein 	spots 
identified by monoclonal antibodies, the histidine 	rich 
proteins, the S. antigen, and parasite 	ADA. 	These have 
been 	super-imposed 	on 	Figure 	3.1, the 2D 	map. The 
identified spots are cross hatched 	(see section 7.2).. 
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effects of immunisation were probably not solely caused 
by PSA.. 
7.4 OTHER ANTIGENIC PROTEINS RECOGNISED BY MONOCLONAL 
ANTIBODIES. 
Other antibody reactions were carried out 	on 
prepared 2D western blots by Dr John Clark, Mr Stuart 
Donachie, Zoology Department and Dr Robert Riddley, 
Molecular Biology Department, 	Edinburgh 	University. 
Immunoprecipitations were carried out by Dr Jana McBride 
and Dr John Clark (Zoology Dept, Edinburgh University) as 
described in McBride et al, 1987. 
7.4.1 MONOCLONAL ANTIBODY 13.4 
7.4.1.1 RESULTS 
This antibody was used in both immunoprecipitation 
and immunoblotting expei - iments with T9 clone 94. In every 
experiment a spot of Mr 45kD and IEP 4.7 reacted with 
this antibody (Figure 7.4). The protein did not 
correspond to any major parasite protein labelled with 
methionine. 
7.41.2 DISCUSSION 
The 13.4 antigen can be labelled by 	surface 
iodination of merozoites (Heidrich, McBride, 	Clark, 
per- s.comm. , 1987). The fluorescence pattern is similar to 
the FSA antigen, i.e., associated with the surface of 
mer- ozoites/ schizonts, although it is more 	diffuse 
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(McBride 	pers. 	comm.). Extracts used 	For 
immunoprecipitation 	can 	be labelled with 	either 
glucos amine, histidine, or a mixture of 16 	amino-acids 
(Clark, pers. 	comm., 	1987). 	The antigen is 	therefore 	a 
glycoprotein. The protein was shown 	in this 	study 	to 
contain 	a 	low 	Qjunt 	of methionine and 	was 	not 
conspicuous in 2D gels. Walker (1985) identified 	three 
major glycoproteins 	in 	this region 	of 2D 	gels. 	The 
antigen is polymorphic by IFA as 	only clone 	94 	reacts 
with the antibody, while most isolates do 	not. 	Further 
investigation is under way to determine the nature of the 
p01 ymorphi sm.. 
7.4.2 MONOCLONAL ANTIBODY 13.3 
7.4.2.1 RESULTS 
13.3 is one of a series of McAbs known to recognise 
the parasite enzyme, lactate dehydrogenase (LDH) (Simmons 
et al, 1985) The antibody was reacted with 2D 
immunoblots of T9-94. Figure 7.4 shows the results. Two 
areas of reactivity were found, one at an Mr of 35kD and 
IEP 5.5 and the other at an Mr 29kD and IEP of 5.0. No 
parasite proteins appeared on the X-ray film at either 
position. 
7.4.2.2 DISCUSSION 
The 	13.3 antigen did not correspond to any 
previously characterised parasite protein. This may have 
been due to low amounts of the protein, lack of the 
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amino-acids used for labelling of the protein, 	or 
contamination with cross reacting host LDH enzyme. 
7.4.3 MONOCLONAL ANTIBODIES 2.13 AND 7.12 
7.4.3.1 RESULTS 
2.13 and 7.12 are two of a group of antibodies 
known to react with rhoptry antigens of merozoites (Clark 
et al, 1987) After developing an immunoblot of clone 
94, 4 areas of reactivity were found, illustrated in 
Figure 7.4. Three proteins recognised by the monoclonal 
antibodies had remained in the origin smear. These had 
values of 65, 70 and 80 kD.. The fourth protein was a 
major spot, with an Mr of 46.lkD and an IEP of 6.6. 
7.4.3.2 DISCUSSION 
The major polypeptide described above was seen only 
occasionally as a corresponding band in SDS-PAGE gels. 
The Mr of the other antigens found in the origin 
corresponded to bands on SDS-PAGE blots (Ridley, pers.  
comm.., 1987). Their position in the origin could be 
accounted for either by these proteins being of a basic 
isoelectric point, or by being insoluble in the 
extraction buffer used for 2D-PAGE.. A wide pH gradient 
resolved only one band as a spot, suggesting that the 
proteins had a very basic pH.. 




9.21 is thought to recognise an epitope on the knob 
associated histidine rich protein, HRPI (Donnachie and 
McBride, pers..comm., 1987). When this antibody was 
reacted with 2D-PAGE immunoblots of clone T9-96, a 
protein was found in the origin smear at an Mr of 95kD 
(Figure 7.4). 
7.4.4.2 DISCUSSION 
The pattern of fluorescence suggested that the 9.21 
antigen is associated with the membrane of the infected 
red blood cell (McBride and Donnachie, pers.comm., 1987). 
2D immunoblots reacted with one protein in the origin 
smear. As this protein is soluble in NP-40 (Donnachie, 
pers. Comm.), the position of the protein in the origin 
suggested a basic IEP. The relative mobility of this 
protein calculated at 95kD was similar to that found by 
SDS-PAGE (92kD, Donnachie, pers.comm.). The apparently 
basic IEP of the antigen supports the theory that this is 
a histidine rich protein (histidine being a 	basic 
amino-acid). Some parasite proteins in both human and 
other mammalian malarias are thought to be associated 
with red blood cell membranes, and it is thought that 
some of these proteins may vary during an infection to 
avoid the host immune response (Brown and Brown, 1965, 
McLean et al, 1982, David et al, 1983, Hommel et 
al, 1983, Howard et al, 1983, Handunnetti et al, 
1987). The position of the 9.21 antigen in the origin of 
the gels precludes the study of any variability in its 
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2D-PAGE character at present. 
7.4_5 MONOCLONAL ANTIBODY 12.3 
7.4.5.1 RESULTS 
12.3 recognises the surface of merozoites, forming 
an IFA pattern similar to the 13.4 antigen. The 
monoclonal was reacted with an immunoblot containing the 
two clones, T9-96 and 3D7. After development two major 
spots in very close proximity were shown to have reacted 
with the antibody. The spots were at a position of 
47-49kD, and isoelectric points of 5.2-5.3 (Figure 7.4). 
They did not correspond to any parasite proteins in the 
labelled extract. 
7.4.5.2 DISCUSSION 
Monoclonal antibody 12.3, is known to react in 
SDS-PAGE blots with a polymorphic band of Mr 42-44kD. The 
McAb fails to precipitate any bands from radio-actively 
labelled parasite (McBride, Wilson, Clark, pers. comm., 
1987). The results of 2D blotting suggest that the 
antigen may be polymorphic in isoelectric point, as well 
as Mr. It was of interest that the protein spot did not 
correspond to any labelled protein in the present study, 
or that of Walker (1985). Work undertaken during the 
writing of this thesis has shown that a parasite 
glycoprotein exists at a similar position in 2D gels. It 
is likely that this glycoprotein corresponds to the 12.3 
antigen. The possible lack of detection in the previous 
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Figure 7.2. The results of immunoblotting with human 
anti-SHARP and rabbit anti-HRPII antibodies.. Gels a, b 
and e were probed with rabbit anti-HRPII antibodies. The 
gels c and d were probed with anti-SHARP antibodies. The 
cultures used are indicated in the top right. The track 
gel (d) contained a track of FC27 and Ki. The only area 
of activity common to all immunoblots is indicated by an 
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Figure 7.3.. The immunoblots shown in Figure 7.2 contained 
radio-active proteins. These were used to form images of 
the 2D pattern to enable identification of the reactive 
proteins. The arrows in the Figure indicate the same 
areas of activity as shown on the previous Figure, there 
is no corresponding area of radioactivity. The numbers 
indicate spots which should help align the patterns of 
Figures 7.2 and 7.3. 
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surveys may be due to amino-acid composition, e.g. a 
shortage of methionine., 
7.5 HUMAN ANTI-SHARP ANTIBODIES AND RABBIT ANTI-HRP 
ANTIBODIES. 
7.5.1 RESULTS 
Figure 7.2 shows the results of immunoblotting 2D 
gels with either human anti-SHARP antibodies, or rabbit 
anti-HRPII antibodies (see section 2.15 and 2.16). The 
corresponding autoradiographs are shown in Figure 7.3. A 
complex of spots was found with the rabbit anti HRPII 
serum, some being present in the normal rabbit serum 
control (not shown). The anti-SHARP antibodies, 
recognised only one spot. A comparison of the patterns 
recognised by the two polyclonal sera showed that one 
spot, at 50kD, was present in both patterns. Control 
studies using normal human and normal rabbit did not 
contain this spot. The spot did not label with S 
methionine. An area of reactivity was also found in the 
origin smear of the anti-SHARP immunoblot at 42 kD, which 
could also be seen as a band in an SDS-track run 
alongside the 2D gel (Fig. 7.2d). 
Other experiments to identify the HRP proteins 
involved the use of radioactive histidine to label 
parasites known to contain the genes, which were then 
compared to others in which the gene was absent. This is 
illustrated in section 6 using the W2 and W2MEF 
parasites. The W2MEF parasite no longer contains a gene 
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For HRPII. As W2MEF originated from W2 most proteins 
should be identical. Any proteins which disappear from 
the W2MEF are candidates for HRPII. Only one protein was 
absent, the Mr of this protein was not close to HRPII. 
7.5.2 DISCUSSION 
Three histidine rich proteins have been 	well 
characterised (Wellems and Howard, 1986, Wellems et al, 
1986, Wellems èt al, 1987a). The molecular weight of 
HRPII varies between 70kD and 801,-D. The Mr of HRPIII is 
in the region of 29kD. The sequences of the genes have 
shown that the real andapparent molecular weight differed 
by 25-45kD for HRPII and by 8kD for HRPIII. These 
differences may be due to the influence of the histidine 
repeats (Wellems and Howard, 1986).. 
The HRPIII and the SHARP (Stahl et al, 1985) gene 
products have been identified as being most probably 
different alleles of one gene by Wellems and Howard 
(1986). 
Antibodies against SHARP recognise a complex of 
bands on SDS gels (Stahl et al, 1985). These bands 
correspond to the SHARP gene product at 28-32kD and 
another cross reacting gene product at 55kD (probably 
HRPII) - 
In the present study, specific antibodies to HRPII 
and to SHARP reacted with several 2D proteins. Only one 
protein of Mr 50 kD appeared to be identified by both 
reagents. This protein did not label with 	S. Gels of 
parasites labelled with H histidine, however showed a 
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small ammount of radioactivity in this region. It is 
provisionally concluded this protein is HRPII. The Mr of 
SOkD for this protein is close to one of the estimates 
given for the HRPII gene product described above (Stahl 
et al, 1985, Wellems et al, 1986). 
The only candidate for HRPIII (SHARP), was an area 
of activity detected by anti-SHARP antibodies in the 
origin of the immunoblot. The Mr of 42kD Mr was within 
the range of HRP III given above.. 
7.6 THE S. ANTIGEN 
Tait (1981) Brown et al, (1982, 1983) and Walker 
(1985) detected a highly variable protein group of acidic 
pH and 	high 	molecular 	weight 	in 	2D gels of 
P.fa1ciparu. This protein group was designated protein 
1 by Tait (1981), P protein by Brown et al (1982 and 
1983) and protein B by Walker (1985). The protein group 
of Brown et al (1982, 1983), identified by Anders et 
al (1983) as the S-antigens, first described by Wilson 
et al, 1949. Walker, 1985 also concluded that B was the 
S antigen, although direct correlations (e.g. by using 
antisera in immunoblots) were not made. Genes for certain 
S antigens have now been analysed by DNA sequencing 
(Cowman et al, 1985). The variations among the proteins 
of this group are due to variations in sequences of 
tandemly repeated amino-acids. Different isolates possess 
markedly different amino-acids in the repeated unit. 
Despite these variations, the different 	forms of 
S antigen appear to be products of one genetic locus i.e. 
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they are alleles. Evidence for this comes from the 
finding that parasite clones appear to express only 
single forms of protein B (Walker, 1985), and from the 
fact that regions flanking the repeated amino-acids 




8.1 CONCLUSIONS OF 2D STUDIES. 
The work described in the previous sections has 
examined a series of P_falciparui proteins found to be 
polymorphic by two dimensional electrophoresis. 	The 
information obtained supports the view that 	these 
proteins are encoded by allelic variation of genes at 
several loci. Peptide digestion showed that the variant 
forms of each protein group had a related structure. The 
analysis of the progeny of a cross confirmed the allelic 
nature of the variation of some proteins. No evidence was 
obtained of linkage between any of the 2D-PAGE protein 
groups distinguishing the parent clones used in the 
cross. 
The establishment of the genetic basis of 2D marker 
proteins allows a prediction to be made of their 
distribution within the P_falciparux population. A 
parasite clone, being haploid, contains only a single 
allele of each variable protein. In the present study 
fifteen loci have been examined which possess an average 
of 4 alleles per locus. A very large number of 
combinations of these markers are thus likely to exist in 
the parasite population. Because of this, all isolates 
analysed by this method have so far been found to 
possess their own unique pattern. In cases where 
parasites with identical 2D proteins were found, there is 
strong evidence that cross-contamination between parasite 
isolates had occurred in the laboratory. New parasites 
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are being screened constantly and it is possible that 
other polymorphic loci will be found. The 2D technique 
has proved to be reproducible, results from different 
laboratories and different workers are comparable (Tait, 
1981, Brown et al, 1982, 1983, Walker, 1985, Pinswasdi 
et al, pers. comm. 1987). 
8.2 DRUG RESISTANCE. 
2D marker proteins were also used to examine the 
genetic composition of drug resistant lines from natural 
infections and laboratory cultures. It was shown by 
cloning and 21) analysis that a recrudescent parasite 
population was genetically distinct from the 
pre-recrudescent population. This suggested that the 
resistance gene or genes did not arise in the patient, 
but were present in the parasite population prior to 
treatment with the drug. 
The 2D technique was also used to analyse any 
changes associated with a cloned me-floquine sensitive 
line of Pfalciparuii becoming resistant to this drug.. 
Changes in the composition of parasite DNA were found by 
other workers. These changes included the loss of a 
complete gene (Wellems et al, 1987). 2D analysis showed 
that one protein had apparently disappeared in the 
resistant line, a second protein appeared to be altered. 
The 2D marker proteins as well as other marker proteins 
suggested that the resistant and sensitive lines were 
genetically 	identical, 	precluding 	any 	cross 
contamination between cultures in the laboratory. 
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8.3 THE PROPERTIES OF 2D-PAGE PROTEINS. 
The biochemical basis for the variation in most 
proteins seen in the 2D gels is not yet fully understood. 
Walker (1985) investigated the stage of synthesis, 
antigenicity and glycosylation of a large number of 2D 
proteins. Most proteins, both variable and constant were 
found to be recognised by immune serum from Thailand. 
Major antigenic proteins were synthesised predominantly 
by the schizont. One variable protein, A, was found to be 
glycosylated. Some polymorphic proteins were found to be 
immunologically distinct. For example in one study three 
cultures (SK17 1 T9 clone 96 and T9 clone 94) were 
labelled with radioactive isotope and immune Thai serum 
used to precipitate the labelled proteins. Proteins were 
then electrophoresed and identified. Most proteins 
precipitated from the three cultures were the same. Some 
however were not precipitated from every culture. These 
were found to be proteins which varied in either 
isoelectric point or molecular weight e.g. E. This result 
suggested that there was a difference in the antigenic 
structure of these proteins. 
In the present study three of the 2D variable 
proteins have been identified: 
Protein P is the enzyme ADA. Variation in this 
protein is thus likely to be typical of isoenzyme 
markers. The altered mobility could be due to a small 
number of amino-acids. The fYtide digest profile of this 
protein showed no major variations in amino-acid 
sequence. 
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Protein A is the P190 merozoite surface antigen the 
variation in this protein is caused by fairly large 
changes in amino-acid sequence (section 7). This was 
reflected in dissimilar peptide digest patterns. 
Protein B is most probably the S-antigen.. Variation 
in these antigens have been analysed by molecular 
biological studies and are due to large changes in 
amino-acid composition between different alleles (Cowman 
et al, 1985). 
It is possible that the protein C may be the 
GBP protein (Bianco et al, 1987) as the IEP and Mr are 
in the correct range. It is hoped that an exchange of 
reagents may confirm this. 
A similar exchange of reagents 	eliminated the 
suggestion that 2D protein 1< and the SHARP gene product 
(Stahl et al, 1985) were the same proteins. 
Other antigens recognised by monoclonal antibodies 
were identified in 2D gels, these did not correspond to 
any of the previously identified variable spots.. 
Having identified 5 antigenic proteins detected by 
2D electrophoresis and investigated their antigenic 
basis, the technique may now be suitable for gaining 
information about the complexity of interactions between 
antigenic molecules. For example, if a particular 
combination of two antigenic proteins on the merozoite 
surface inhibits red cell recognition and invasion, then 
that combination may not be found in the parasite 
population. 
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8.4 THE APPLICATION OF 2D-PAGE TO MALARIA RESEARCH. 
The long term culture of P.falciparum has allowed 
an exponential increase in the study of the parasite. The 
malaria parsite can be viewed as a series of laboratory 
adapted isolates or strains. Many laboratories maintain a 
small number of isolates which are analysed in great 
detail for one aspect of interest. If a laboratory is 
unaware of the heterogeneity that 	exists in the 
P.falciparum population then the following problems can 
arri se; 
Parasite cross contamination can occur. For 
instance, if a drug resistant line 	contaminates 	a 
sensitive line then it may appear that resistant mutants 
have been isolated. In the same way a fast growing 
contaminant parasite strain could enter and outgrow 
strains from diverse geographical origin. This would 
create a false situation of parasite homogeneity. Having 
a method which can identify parasite isolates or clones 
reduces the likelihood of such events being undetected. 
Genetic changes can be associated with the 
continual passage of asexual parasites. The second point 
is of particular interest as a parasite clone continually 
passaged for years can apparently alter chromosomes and 
lose genes. 
The literature on the origin 	and 	relative 
importance of chromosomal changes in parasite clones is 
interesting. Corcoran et al (1986), found apparent 
deletions of genes from chromosomes which were shorter 
than homologous chromosomes after separation by PFGE. 
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Because of this correlation they concluded that gene 
deletions were responsible for chromosome size variation. 
However they also concluded that the deletion of genes 
did not take place in long term culture, but must occur 
in natural populations (presumably at meiosis). The work 
of Wellems et al (1987b) has shown that chromosomal 
changes and gene deletions can occur in a cloned line 
during culture. Using the 2D technique the present study 
has shown that despite major changes of DNA structure in 
these cloned lines, the phenotypes remain for the most 
part unaltered. 
It would appear that size polymorphism of parasite 
chromosomes exist as a natural phenomenon. However, it 
has still not been demonstrated directly that the size 
polymorphisms involve deletions of DNA containing 
functional genes. The size polymorphisms probably arise 
both in vitro and in vivo 
Changes in the expression of knobs and loss of 
histidine rich protein genes have also been found in long 
term culture (Langreth et al, 1979, Wellems etal, 
1987a). These gene deletions found in culture may be 
deleterious to parasite survival in the host. Knobless 
parasites are not pathogenic to experimental 	hosts 
(Langreth and Peterson, 1985). It is possible then, that 
culture adapted parasites have mutated to such an extent 
that they no longer reflect the natural 	parasite 
population. 
The survey carried out in this work has also used 
laboratory adapted isolates. To try and compensate for 
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the above effects 
freshly isolated 
possible. None of 
found to be switci 
event occurred in 
W2MEF.. 
many isolates have been 
parasite material was 
the proteins used in the 
led off. The only possibl 
an invariant protein 
examined, and 
used whenever 
21) survey was 
switching off 
in the clone 
8.5 THE RECOMBINATION ABILITY OF THE PARASITE 
An understanding of the potential recombination 
ability of parasites is important for the control of the 
disease through drugs or vaccines. If the parasite is 
envisaged as a series of non-changing isolates, with 
li'thle or no geographical movement, then the treatment and 
eradication of the parasites should be simple.. However it 
would appear that the parasites exist as a heterogeneous 
population within an individual and a heterogeneous 
population 	within 	a 	geographical 	area. 	Genetic 
recombination between markers of two parasite clones 
produced at least 16 new 	combinations. 	If 	these 
observations portray the natural situation accurately 
then a parasite clone has a very transient existence. 
When a mosquito feeds on a mixture of different 
parasites, many new combinations will be Formed and 
passed on to the next host. If these observations on 
heterogeneity and recombination ability are applied to 
the field situation then it can be seen that the 
acquisition and spread through the parasite population of 
characters such as drug resistance and new combinations 
of antigenic types will be rapid. 
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The formation of the cross in the laboratory was an 
artificially induced situation. Natural parasite 
populations may not occur at the levels needed to ensure 
the formation of recombinants at such high frequencies. 
Measurement of the heterogeneity that exists in a natural 
P-falciparun population has proved difficult,. Such a 
field study would require measurements of markers in 
parasites existing at a number of locations in close 
proximity and at different time points. Such parameters 
as the spread of resistance to new drugs could be 
monitored in conjunction with as many other markers as 
possible. With more suitable reagents it may one day be 
possible to examine the population structure of parasites 
in the field using a large number of markers. 
Some of the techniques currently available have been 
outlined in section 1.. An appraisal with particular 
reference to Field work follows: - 
2D—PAGE has the advantage of screening many 
gene products at once. The disadvantages of 2D for a 
field survey are that it is technically difficult and 
expensive. The technique has to be used on cultures, 
parasites direct from patients blood is not suitable. 
Enzyme electrophoresis has been described in 
section 1.4.3. Modern electrophoresis uses cellulose 
acetate membranes which allow analyses to be carried out 
in less than an hour. The limitations are that an 
individual gel has to be run for each enzyme and only a 
small number of enzymes are available for P..fa1cipartt 
research. 
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Restriction length polymorphisns of antigen 
genes has been described in section 1.4.5.. More markers 
can be examined than in the enzyme system, however the 
technique is difficult and expensive. Limits are reached 
in the number of genes that are suitable for study. This 
type of study yields information only on antigen genes. 
Repetitive fragments DNA (Rep) are pieces of 
DNA dispersed throughout the genome of an organism 
(Jeffreys et a!, 1985). Individual genotypes can be 
identified using the position of rep bands on a gel. 
Individual malaria parasite genomes have been identified 
succesfully (Oquendo et al, 1986). A large number of 
combinations can be found. The use of this technique is 
difficult and expensive. It has also been found that this 
type of analysis was not effective in the study of drug 
resistance (section 6)., In the studies by Wellems et a! 
(1987b) changes in genome structure of the clone W282 
were acompanied by changes in rep probe patterns. Thus an 
anomalous situation was found where the same parasite 
clone changed a rep pattern over time. Rep patterns may 
therefore not be stable in long term culture, and for 
this reason are not suitable as P.fa1ciparum, strain 
markers. 
The monoclonal antibody approach has been 
described in section 1.4.4. The 	reagents 	although 
difficult to make initially are stable and easy to use. A 
large repertoire 	of 	monoclonals 	already 	allows 
identification of many P..fa1ciparu 	strains (McBride 
et al, 1982, Schofield et al, 1982). The technique is 
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technically simple and results can be obtained within two 
hours. These advantages have allowed the technique to be 
used f or parasite detection in patients blood in a field 
situation (McBride et al, 	1984). 	Some 	of 	the 
disadvantages of McAbs are that a parasite is either 
positive or negative. In effect only two alleles are 
being detected, thus 	the 	extent 	and 	nature of 
polymorphism is difficult to quantify. New strain 
specific McAbs require a new fusion, major immunogens may 
predominate, resticting the ammount of variation detected. 
Not all proteins may be recognised by the immune system 
of one mouse strain. As with enzymes a sub group of 
proteins i.e. protein antigens is being analysed. 
No one technique appears completely suitable to 
measure the variability found in a natural parasite 
population in the field. Combinations of two or more 
techniques may allow such a survey to be conducted. 
8.6 FUTURE USES OF 2D PAGE IN MALARIA RESEARCH. 
Further development of 2D electrophoresis will 
require the analysis of many more strains to test the 
apparent underlying trends. If parasites from different 
regions continue to show geographical variation then 
these could be used to allow the identification of the 
place of origin of P-falciparun strains where it is 
unknown. Such knowledge may be of limited practical 
application in the administration of drugs to patients 
who may have contracted malaria in several countries. 
This could be achieved if regional specific proteins e.g. 
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C, could be purified and reagents more suitable for 
screening, like monoclonal antibodies, made. 
To do this, attempts were made to raise antisera in 
mice or rabbits to individual polymorphic proteins. 2D 
gels were run, stained with Coomassie blue and the 
polymorphic proteins excised, and then introduced into 
mice. Unfortunately this failed as the mice did not 
produce antisera. However with improvement in techniques 
this may still be posible. Antisera could then have 
identified the genes in an expression library, DNA 
sequences of the genes could have been cross matched. 
The 2D technique has not yet been used to analyse 
the proteins synthesised by other stages. For example s 
gametocyes are readily labelled metabolically (Vermeulen 
et al, 1986). Gametocyte specific proteins and proteins 
shared with asexual stages could be identified. 
The combination of the analysis of antigens by 2D 
with the use of H2 congenic mice is another unexplored 
area. H2 congenic mice have a limited ability to present 
antigens to the immune system. It has been found that 
different H2 mice respond differently to antigens of the 
gametocyte stage of 	P.falciparurn. 	A 	number 	of 
gametocyte surface antigens were found to contain only a 
small number of T cell epitopes. Internal antigens 
contained 	a larger number of T-cell epitopes. This 
finding was consistent with the view that antigens 
exposed to the host immune system would be selected to 
minimise immune surveiance (Carter and Good, pers.comm, 
1987). 
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2D-immunoblots could be used to investigate the 
immunogenicity of the parasite proteins resolved on these 
gels in the congenic H2 mice. If proteins are found which 
contain such restricted/variable T-epitopes then this may 
give an indication of immunologically important proteins. 
The studies carried out so far with the 2D 
technique in P.falciparum, has opened up a vast area of 
potentially useful information for malaria research. The 
map of the 2D proteins has immediate use in strain 
characterisation and future use as a reference for 
studies of proteins involved in drug-resistance and the 
structure of antigens. 
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APPENDIX 1. 
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Appendix 1. Each isolate was compared to all other 
isolates. The total number of differences at 2D marker 
proteins was calculated. Where more than one variant 
existed in one isolate this was counted as a difference 
of 0.5, such values are indicate thus (*)• 
